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ERRATA 


Technical Paper 8023, “Streaming Potential and the 
SP Log,” by M. Gondouin and C. Scala. 
P. 172—Col. 1, second complete paragraph in column, 
fifth sentence should read: “Knowing the length, L, of 
the fluid column comprised between the two rubber 
diaphragms of the pressure bomb and the density, p, of 
the fluid, the alternating pressure was given by P = 
L py. 
Table 3 of T.P. 8023 was omitted and is shown below: 


TABLE 3—STREAMING POTENTIAL COEFFICIENT AND ‘‘SHALINESS"’ 
OF VARIOUS SAMPLES 


(dEy/dP) B.E.C. __Ken/59 NoCi Permeability* Porosity 
Shale No. (.01 N NaCl) meq./100 gr b Factor LIN IN md per cent 
18 
A (.2 N NaCl) 12.1 .26 = 2x10" 14.2 
B .204 10.1 44 .88 .70 — 7.0 
.24 13.4 -62 1.0 .80 4 xX 10-4 7.4 
D x2] 20.1 .67 1.0 72 (6 X 10-4) 9.5 
E 17 7.18 1.0 (7 X 10-8) 4.6 
F 76 9.48 wel — — 8 X 10-4 13.6 
G 8.53 76 1.0 94 2 10-6 3.8 
LK 12.7 96 77 7 X 10-6 
1 4.06 14 = = 

1-B 1.6 .84 -50 — 
7 5.29 27 -98 .67 6.2 
11-1 44 5.8 19 71 10.1 
14 .30 7.18 1.0 -61 4 X 10-4 
29 .32 26.7 .65 (4 X 10-3) 


*Permeability in 0.2-N NaCl solution 


| 
| 
| 
| 


FOREWORD 


Drs Transactions Volume 213 is the largest ever published by the Society 

of Petroleum Engineers. We are especially proud to have accomplished publication 
of this large number of excellent technical papers for it was done during a period 
of economic recession which forced drastic changes in our publications policy. 


The 1958 Society officers and Board of Directors were faced early in the year 
with the prospect of a severe decline in advertising income originally anticipated 
for the year and an unusually large quantity of outstanding technical contributions 
awaiting publication space. The solution, as recommended by the Transactions Edi- 
torial Committee, was to publish some papers in a manner which permitted a limited, 
less expensive form of distribution. 


The Board approved a recommendation that some papers be published in their 
entirety only in this TRANSACTIONS volume, with summaries appearing in JOURNAL OF 
PETROLEUM TECHNOLOGY. Free reprints of all papers were sent to members on request 
as soon as summaries of the papers had appeared in JoURNAL OF PETROLEUM 
TECHNOLOGY. 


Realizing our economic situation, the membership accepted this streamlining of 
our publications procedure. This new policy enabled us to accomplish publication of 
this larger TRANSACTIONS volume. 


In spite of the economic problems of the industry and nation, membership 
erowth of the Society continued at a rapid rate. During the year 1,338 new members 
were added to the rolls. New petroleum sections were established in Williston, N. D.; 
the Austin-San Antonio area of Texas; and in Edmonton, Canada (a joint AIME- 
Canadian Institute of Mining and Metallurgy section). New petroleum sub-sections 
were recognized in San Francisco and in the Central Appalachian area, and a new 
student chapter was formed at Marietta College, Ohio. 


Five very successful regional meetings were held by petroleum sections—in Den- 
ver, Tulsa, Shreveport, Wichita Falls and Los Angeles. The 33rd Annual Fall Meeting 


of the Society in Houston attracted the second largest attendance in our history. 


Sets of the slide presentation on “Careers in the Petroleum Sciences,” prepared 
by our staff and designed to interest young people in the petroleum industry, were 
placed in the hands of all petroleum sections. Many of them immediately began active 
programs showing the presentation to junior high and high school groups. Literature 
recording highlights of the slide presentation was also prepared and distributed under 
the sponsorship of the Henry L. Doherty Fund of AIME. 


Recipients were selected during the year for our top petroleum engineering 
awards for 1958. Honored in the introductory pages of this volume, they are: Carl FE. 
Reistle, Jr., recipient of the Anthony F. Lucas Gold Medal; Lt. Gen. E. O. Thompson, 
recipient of the John Franklin Carll Award; and Jim Douglas, Jr., Philip M. Blair 
and R. J. Wagner, joint recipients of the Cedric K. Ferguson Medal. Our congratula- 
tions to these outstanding men. 


We are very pleased with the progress of the Society of Petroleum Engineers 
during 1958. By tightening our belts, we have kept our finances in good condition. 
We have continued to move ahead in every facet of our program, much to the credit 
of our individual members who have remained faithful during a trying economic 
period. 

BASIL P. KANTZER, President 
Society of Petroleum Engineers of AIME, 1958 


January 1, 1959 
Houston, Texas 
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tion shall be based on the merit of such papers in the light of existing standards. The committee shall be 
the final authority on the selection of papers for publication in TRANSACTIONS. 


THE TECHNICAL PAPER 


Manuscripts should present completed original work embodying the results of extensive field, plant, 
laboratory, or theoretical investigations, or new views on old but important problems. Originality does 
not necessarily justify publication. The work must be sufficiently significant to warrant inclusion in 
the permanent literature of the Society. Previous publication in media normally available to petroleum 
engineers is usually a bar to acceptance. In addition to technical acceptability, the material should be 
presented clearly and concisely. In reviewing a paper, it is important to distinguish between technolog- 
ical error, erroneous conclusions, and valid conclusions which may be in conflict with those previously 
held on subjects of a controversial nature. When the data presented appear to be accurate and complete 
and the conclusions drawn in accord with the data, then the author is entitled to the right of publication 
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ERNEST O. THOMPSON 
John Franklin Carll Award, 1958 


“For his significant contribution to petroleum engi- 
neering in the public acceptance of reservoir engineer- 
ing principles in petroleum conservation regulation and 


practice.” 


THE JOHN FRANKLIN CARLL AWARD 


Established in 1956 and first presented in 1957, 
the John Franklin Carll Award is awarded “to rec- 
ognize distinguished achievement in or contributions 
to petroleum engineering.” The medal memorializes 
John Franklin Carll (1828-1904) whose ideas and 
writings first expressed principles of petroleum en- 
gineering which are now considered commonplace. 
Herbert C. Otis, Sr., was the first recipient of the 
award, Members of the 1958 John Franklin Carll 
Award Committee are: H. D. Wilde, Chairman; 
H. F. Beardmore, B. C. Craft, R. W. French, Harry 
P. Stolz and Harold Vance. 
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CARL E. REISTLE, JR: 
Lucas Medalist, 1958 


“For his distinguished achievements in advancing the 
science of Petroleum Engineering through his own 
technical contributions and his ability to inspire others; 
for his forward concepts and his untiring energy in 
advancing the profession of Petroleum Engineering as 


a practitioner, administrator, and executive.” 


THE ANTHONY F. LUCAS FUND AND MEDAL 


In 1936 the Institute established the Anthony F. Lucas Gold Medal, to be awarded from time 
to time “for distinguished achievement in improving the technique and practice of finding and pro- 
ducing petroleum.” These awards are sponsored by the Society of Petroleum Engineers of AIME. 
Members of the Committee of Award of the Lucas Medal are: H. H. Kaveler, Chairman; H. F. Beard- 
more, Lyon F. Terry, Harold Decker, Claude R. Hocott, John R. McMillan, L. E. Elkins, Howard C. 
Pyle, T. C. Frick, Earl M. Kipp, Charles H. Pishny and Everett G. Trostel. Members ex officiis are: 
M. J. Ankey, Director, USBM; Frank M. Porter, President, API; G. S, Buchanan, President, AAPG; 
and Grover J. Holt, President, AIME. 


MEDALS AWARDED 


J. Epcar Pew, 1937 Nose Lacey, 1947 
Henry L. DoueErty, 1938 WALLACE EVERETTE Pratt, 1948 
E. DEGoLyeEr, 1940 | Empry WRATHER, 1950 
; Conrap (PosTHUMOUSLY) AND MARCEL SCHLUMBERGER, 1941 Morris Musxkat, 1953 
Joun RoBert Suman, 1943 Bruce H. Sacer, 1954 
CHARLES VAN ORMER MILLIKaN, 1944, Stuart E. Buck ey, 1956 
James Lewis, 1946 Joun Epwarp Brant y, 1957 


Cart E. ReIsrye, Jr., 1958 
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PHILIP M. BLAIR R. J. WAGNER 


THE CEDRIC K. FERGUSON MEDAL 


Jim Douglas, Jr., Philip M. Blair and R. J. Wagner are the joint recipients of 
the 1958 Cedric K. Ferguson Medal. They were selected to receive this award for 
AIME T.P. 8013 entitled, “Calculation of Linear Waterflood Behavior Including the 
Effects of Capillary Pressure,’ published on page 96 of PETROLEUM TRANSACTIONS 
Volume 213. This was the fourth presentation of the Feguson Medal, first awarded 
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Effect of Pressure on Rock Drillability 


JUNIOR MEMBER AIME 


CT 


A laboratory drilling rig has been 
devised and placed in operation 
which permits the application of 
hydrostatic, terrastatic, and formation 
pore pressures to a rock sample for 
drilling under controlled conditions. 
Calibrated tests of this equipment in- 
dicate qualitative agreement with 
field results on the effect of weight 
on bit, rotary speed, and rate of cir- 
culation on drilling rate. Tests under 
pressure, using water and air as the 
drilling® fluids, indicate that when 
drilling saturated limestone samples, 
a pressure differential between hydro- 
static and formation pressure is the 
only pressure which affects drilling 
rate. A differential in either direction 
causes a reduction in rate, but the 
same differential from the wellbore 
into the formation causes the greater 
reduction. Also, in limestone, air 
favorably affected drilling rate only 
when compared to water at high 
hydrostatic pressure, all other con- 
ditions remaining constant. Large in- 
creases in drilling rate with air could 
be obtained in the laboratory only 
while drilling a shale, which offered 
a limited permeability to nitrogen 
and which could be drilled with a 
differential from the formation into 
the wellbore. In general, the magni- 
tude of the changes due to the pres- 
sure effect were small compared to 
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changes in drilling rate obtainable 
by changing either bit weight or 
rotary speed. 


INTRODUCTION 


In the course of Humble’s drilling 
research program, the desirability of 
investigating several factors which 
lend themselves to laboratory rather 
than field study became obvious. 
Principal reasons for this are the ex- 
pense involved in field studies and 
the difficulty of exercising the re- 
quired degree of control. Of primary 
importance are investigations of the 
effect of fluid properties on drilling 
rate, the effect of pressure on rock 
drillability, and a study of the fun- 
damental mechanics of rock failure 
and chip generation. 

Several years ago some work in 
the laboratory on the effect of mud 
properties on drilling rate was re- 
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ported to the API’, but the comple- 
tion of this work and the invesfiga- 
tion of the other variables affecting 
drilling rate required equipment 


~ somewhat more elaborate than that 


used on these earlier tests. This 
equipment has been assembled to 
form Humble’s Drilling Engineering 
laboratory. 

To date only the effect of pres- 
sure on rock drillability while using 
water and air has been investigated, 
and this work is not yet complete. 
Facilities are available to investigate 
the effect of fluid properties on rate 
of penetration, and information is 
being assembled on a current basis 
on the mechanics of drilling. 

The sequence of presentation in 
this progress report is somewhat dif- 
ferent from that in which the data 
were obtained since the order of ex- 


1References given at end of paper. 
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periment was controlled to some ex- 
tent by changes in technique dictated 
by increased knowledge of the phe- 
nomena being investigated. This was 
done to provide as much continuity 
as possible and to justify the limited 
conclusions which are indicated at 
the present state of the research pro- 
gram. 
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EQUIPMENT 

The equipment comprising this 
present laboratory drilling rig is 
shown in Fig. 1. Provision in this 
equipment is made for circulating 
mud or water at any pressure up 
to 5,000 psi for the application of 
hydrostatic, terrastatic and forma- 
tion pore pressure to duplicate the 
pressure environment of rock in a 
drilling well. The equipment will also 
circulate air as the drilling fluid. The 
bit is driven by a variable speed hy- 
draulic motor and bit weight is ap- 
plied by a hydraulic cylinder, the 
rate of movement of which is timed 
for drilling rate indication. Hydro- 
static, terrastatic, and formation fluid 
pressures are applied by three sep- 
arate but similar systems, each con- 
sisting of a remotely controlled 
plunger pump for pressure generation 
and a remote pressure controller and 
diaphragm-operated valve for con- 
trol purposes. These three pressures 
are denoted by the symbols, P,, P,, 
and P,, respectively, on the drilling 
rate graphs in this report. For the 
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high pressure tests the circulation 
pump takes suction at the elevated 
pressure through a strainer to mini- 
mize the horsepower requirements 
for circulation. For the air drilling 
experiments, the circulation rate can 
be remotely controlled from the dril- 
ler’s position and is recorded on an 
orifice meter. 

In Fig. 2 the drilling chamber is 
shown in cross section. An artificial 
annulus is utilized so that packing on 
moving parts is required for only 
one type of motion at each seal. It 
will be noted that the bit rotates and 
that loading is accomplished by 
forcing the rock into the bit rather 
than requiring vertical motion of the 
drill stem. 

This system was designed to use 
1%4-in. two-cone microbits. In addi- 
tion to these bits, diamond bits of 
various types in this size have also 
been utilized. Some of the different 
bits used in the laboratory study are 
pictured in Fig. 3. The results pre- 
sented in this report were obtained 
using the 114-in. two-cone microbits. 
Only preliminary testing has been 
done using the miniature diamond 
bits and all designs in this type of bit 
obtained so far have been such that 
it has been impossible to maintain a 
constant rate of circulation while 
drilling. To solve this particular prob- 
lem the rate of circulation control 
equipment has been made more flex- 
ible and bits with more adequate cir- 
culating ports have been ordered. 


SAMPLE PREPARATION 


The bulk of the material drilled in 
the laboratory studies has been quar- 
ry stone, although some work has 
been done with core samples. The 
quarry rock was selected to improve 
formation uniformity and due to its 
ready availability in quantity. Sam- 
ple preparation is similar for both 
types of rock. This consists of jack- 
eting the samples by coating with an 
epoxy resin. This jacketing proce- 
dure is necessary to separate the ap- 
plied pressures when drilling a per- 
meable sample. 

The epoxy jacketing seals the en- 
tire rock except for uncoated circu- 
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lar areas on the top and bottom of 
the sample which allow the hydro- 
static and formation pressures to be 
introduced into the pores. O-ring 
seals are maintained around these 
uncoated circular areas to insure 
separation between the pressures in- 
troduced into the rock and the ter- 
rastatic pressure which is applied to 
the jacketed surfaces of the sample. 
Plastic plates are placed against the 
top and bottom of the samples, be- 
fore the epoxy jacket has hardened, 
to provide a surface which will be 
sufficiently flat and smooth to allow 
an O-ring seal between the jacket 
surface and the metal plates above 
and below the sample. 

In addition to jacketing, all per- 
meable samples are vacuum satu- 
rated with water. This is done be- 
cause most geologists consider that 
all sedimentary rock which occurs 
in nature below the water table is 
fluid saturated, since original deposi- 
tion occurred in water, and that pore 
space will therefore still contain 
water only, or water plus some other 
fluids such as hydrocarbons. Typical 
data showing drilling rate as a func- 
tion of hydrostatic pressure for a 
permeable lime, shale, and marble, 
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all unjacketed, are shown in Fig. 4. 
In this case “hydrostatic pressure” 
means applied fluid pressure since 
there is no pressure segregation with 
unjacketed samples. The limestone 
and the marble were vacuum satu- 
rated while the shale was not, due 
to its lack of permeability. The mar- 
ble typically shows an intermediate 
pressure effect, due, it is believed, to 
incomplete saturation because of its 
limited permeability. The limestone 
shows no pressure effect when the 
sample is saturated as it occurs in 
nature, but exhibits a reduction in 
drilling rate with increasing pres- 
sure, similar to that shown for the 
shale sample, when drilled either in 
an unsaturated condition (as re- 
ported by Murray and Cunningham’) 
or with a pressure differential across 
the saturated rock (see Fig. 5). It 
is important then, if field drilling 
characteristics are to be’ approached, 
that the rock be saturated as it is in 
place in order that realistic results 
may be obtained. 


CALIBRATION OF EQUIPMENT 


The first operational requirement 
in conducting the laboratory drilling 
investigation was to determine the 
effect of the recognized variables on 
drilling rate under laboratory condi- 
tions in order that tests might be con- 
ducted under conditions that were at 
least qualitatively similar to those en- 
countered in the field. 

The first test was conducted to de- 
termine the effect, if any, of depth of 
penetration into the sample on drill- 
ing rate and to determine the varia- 
tion in drillability of the Indiana lime- 
stone which had been selected for 
the tests. Fig. 6, which shows drill- 
ing rate as a function of drilling in- 
crement number or depth of penetra- 
tion, showed that, under the condi- 
tions imposed, depth did not affect 
the rate of penetration. It was fur- 
ther determined from this initial 
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series of tests that the drillability — 


variation in this rock from sample 
to sample and from increment to in- 
crement was such that the average of 
increments in each of six samples 
was required to obtain data which 
on the average would vary from the 
true mean by no more than 10 per 
cent. This system of statistical data 
handling has been used on all suc- 
ceeding experiments. 

The effects of the following on 
drilling rate were then investi- 
gated: (1) bit weight at constant 
rotary speed and rate of circula- 
tion, (2) rotary speed at constant 
bit weight and rate of circulation, 
and (3) rate of circulation at con- 
stant bit weight and rotary speed. 
Results of these tests are shown 
graphically in Figs. 7, 8, and 9. 
Results obtained were generally in 
qualitative agreement with field 
experience. That is, at constant rotary 
speed and rate of circulation, drilling 
rate is a linear function of bit weight 
until cleaning limitations are reached. 
Also, drilling rate, at constant bit 
weight and rate of circulation, is 
linear with rotary speed under similar 
limitations. The effect of this limita- 
tion can be seen in Fig. 9. With 
water as the circulating medium, and 
at a bit load of 2,500 lb and a rotary 
speed of 60 rpm, the drilling rate 
increased linearly with rate of circu- 
lation, indicating that the maximum 
rate of a little more than 7 gal/min 
was not adequate to insure full clean- 
ing of the hole. At a bit load of 
1,000 Ib a saturation effect at this 


| 


| 


ORILLING RATE FY / HR 


TNOIANA LIMESTONE 
Py = 000 PSI 
Py = 70. PSL 
Pp © SOOPSI 
a 


60 RPM 


CIRCULATION RATE - GPM 


Fic. 9 — RATE vs CiRCULATION RATE, 


maximum rate of circulation is noted, 
indicating that the rate under these 
conditions was adequate for full 
cleaning. 


EFFECT OF PRESSURE ON 
ROCK DRILLABILITY 


Following the calibration tests, a 
series of experiments were conducted 
under conditions of constant bit load 
and constant rate of circulation to 
determine the effects of the three 
pressures at variable rotary speeds. 
For this experiment terrastatic pres- 
sures of 1,000 and 3,000 psi were 
compared. The formation pressure 
was made equal to one-half the ter- 
rastatic pressure and the hydrostatic 
pressure was made equal to the form- 
ation pressure, plus over balance, or 
in this case, 750 and 2,000 psi. The 
results shown in Fig. 5 indicate an 
average reduction in drilling rate of 
18 per cent when the terrastatic, hy- 
drostatic and formation pressures 
were changed from 1,000, 750, 500 
to 3,000, 2,000, and 1,500 psi, re- 
spectively. These particular pressures 
were selected since they correspond 
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with normal conditions in field drill- 
ing. The curves shown in Fig. 5 are 
plotted through the root mean square 
values of the experimental data and 
the scatter in these data points are 
indicated at the extreme values to 
give an index to the reproducibility 
of the experiment. 

The results of a test conducted to 
determine the effect of formation 
pressure on drilling rate for various 
bit weights and under conditions of 
constant rotary speed, rate of circu- 
lation, terrastatic pressure and hy- 
drostatic pressure are shown in Fig. 
10. This test indicates that increas- 
ing the formation pressure above the 
hydrostatic pressure may cause re- 
duced drilling rate. A similar test 
comparing the effects of hydrostatic 
pressure on drilling rate at various 
rotary speeds, under otherwise con- 
stant conditions, is shown in Fig. 11. 
In this case the pressure differentials 
from the wellbore into the formation 
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also caused a reduction in the drill- 
ing rate. 

Additional tests were then per- 
formed in which the differential of 
hydrostatic pressure over formation 
pressure was varied from 0 to 3,000 
psi. It was found that an increase 
in this differential was accompanied 
by a reduction in drilling rate of as 
much as 27 per cent at the maxi- 
mum differential of 3,000 psi (see 
Fig. 12). In all cases maximum drill- 
ing rate has been obtained when the 
formation fluid pressure and the hy- 
drostatic pressure were equal. A sig- 
nificant differential in these pressures 
in either direction caused a reduc- 
tion in drilling rate, although an in- 
crease in hydrostatic over formation 
pressure caused the greater reduc- 
tion. 

This laboratory investigation of the 
effect of pressure on drilling rate di- 
vides itself into two phases. The first 
phase is to determine which pres- 
sures or differential pressures cause 
this effect. This part of the work, at 
least for the lime samples tested, ap- 
pears to be complete. The more dif- 
ficult, or second phase, that is, the 
mechanics through which pressure 
or pressure differential accomplishes 
this reduction, and what, if anything, 
may be done to control this reduc- 
tion, is the problem still to be inves- 
tigated. 

A visual indication of the change 
that takes place in the rock with a 
change in pressure of this magni- 
tude is shown in Fig. 13. Under con- 
ditions of differential pressure the 
rock apparently becomes more plas- 
tic. The wall ‘‘plasticizing”’ effect 
takes place simultaneously with the 
drilling operation as shown by the 
alternate bands in the figure. That is, 
the observed effect is a plasticizing 
effect and not just a layer of cuttings 


plastered against the wall of the hole 
by the outward flow of fluid from 
the hole. If cuttings were being plas- 
tered against the hole by an outward 
flow, the upper “open pore bands” 
in Fig. 13 would have been coated 
when the final increment was drilled 
with a high differential pressure into 
the rock pores. 


AIR DRILLING 


Concurrent with the investigation 
of the effects of pressure on drilling 
rate when using water as the circu- 
lating medium, tests were conducted 
to determine the effect of air on drill- 
ing rate. The amount of air required 
for adequate cleaning was deter- 
mined first. The results of this test 
are shown in Fig. 14 which cor- 
responds to Fig. 9 for water. It will 
be noted that drilling rate increased 
almost linearly with rate of air cir- 
culation up to about 28 scf/min. For 
further air rate increases the satura- 
tion effect indicated that cleaning 
was adequate. This limit for adequate 
circulation having been determined, 
all succeeding tests were conducted 
at a circulating rate of 40 scf/min. 
Air drilling rates, with different bit 
types, were determined as a function 
of bit weight and were compared to 
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water drilling rates under similar and 
also under higher pressures. These 
results for Indiana lime are shown in 
Figs. 15, 16, and 17, and for mar- 
ble are shown in Figs. 18, 19, and 
20. It may be seen in these figures 
that neither air nor water drilled 
consistently faster under reduced 
pressures. However, the drilling rate 
with water was significantly reduced 
when the water was under a hydro- 
static pressure equal to that which 
would be exerted by a column of 
fluid in a drilling well. This would 
indicate that, when circulating suffi- 
cient air or sufficient water to pro- 
vide adequate cleaning (as was pos- 
sibly not the case in the 750 psi 
water curve in Fig. 15), there is no 
essential difference in the drilling 
rates obtainable with air and water 
under similar conditions of pressure. 
Although the greatest improvements 
in field penetration rates with air or 
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gas are obtained in shale, some im- 
provement is also reported in lime. 
These laboratory results suggest then 
that either the comparable field water 
circulation rates were not adequate 
for full cleaning or that some addi- 
tional difference occurs in the field 
that is not present in the laboratory. 

The reduced pressure curves in 
Figs. 15, 16, and 17 have been re- 
arranged in Figs. 21 and 22 to facili- 
tate comparison of the drilling char- 
acteristics of the three different bits 
in water and air. The three bits are 
shown as A, B, and C in Fig. 3. Bit 
A, with ringed cutter cones, drilled 
almost as fast as Bit B equipped with 
conventional cones. Bit C, the 
smooth cone bit, drilled approxi- 
mately half as fast as Bits A and B. 


One other observation in connec- 
tion with the smooth cones which is 
not reflected in the drilling rate 
curves, except in that this bit was 
able to drill at all, is that the cuttings 
generated were generally larger than 
those obtained with the conventional 


bit. This was discovered when the ~ 


larger cuttings bridged in the circu- 
lating passages in the test chamber 
(this difficulty with the conventional 
bit cuttings had not been experi- 
enced) and required that clearances 
be increased in order that tests of 
this bit could be continued. A more 
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not possible due to the distance the 
cuttings must be transported from 
the bottom of the hole to the strainer 
where they are collected. 

In addition to the air drilling ex- 
periments using the quarry samples, 
a series of tests were conducted on 
a silty shale which exhibited a lim- 
ited permeability to nitrogen. The re- 
sults and conditions of this test are 
shown in the form of bar graphs in 
Fig. 23. Under conditions of equal 
pressure, as was the case in the 
quarry samples, drilling rates for air 
and water were approximately equal 
(Bars 2 and 3). Increased hydro- 
static pressure with water caused a 
marked reduction in drilling rate 
(Bar 1). Increased terrastatic pres- 
sure caused a reduction in drilling 
rate (Bars 3 and 4). However, in- 
creased formation pressure, contrary 
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to previous experience with the 
quarry samples, caused an increase 
in drilling rate (Bars 3 and 5). This 
reduced differential effect is believed 
to be an indication of the reason that 
best results from the use of air or 
gas in the field have been obtained 
while drilling shales. 


CONCLUSIONS 


1. Tests with the variables, weight 
on bit, rotary speed, and rate of cir- 
culation, the effects of which have 
been established in the field, have 
shown a good correlation between 
field and laboratory results. It ap- 
pears reasonable to assume, then, 
that laboratory tests with variables 
possessing heretofore unknown ef- 
fects will yield results which will 
substantially conform to correspond- 
ing drilling characteristics in the 
earth. It is not presumed that the 
stresses induced in the rock sample 
by the three pressures applied in the 


laboratory precisely duplicate those 
induced in a block of rock below the 
earth’s surface. However, the appli- 
cation of these pressures approaches 
the natural stress configuration with 
a great deal more reality than the 
application of only one pressure to 
the entire rock, as has been done in 
the laboratory prior to the construc- 
tion of this apparatus. 

2. Tests with air drilling have in- 
dicated that increased drilling rates 
achieved in the laboratory have re- 
sulted through no characteristic of 
the air other than its relatively low 
static pressure at the bottom of he 
hole. Air and water exhibited simi- 
lar drilling characteristics when used 
at near equal static pressures and 
when circulated with sufficient vol- 
ume to provide ample hole clean- 
ing. Air favorably affected drilling 
rate only when compared to water 
at high static pressure, all other con- 
ditions remaining constant. 

3. Pressure tests with limestone 
have shown that drilling rate in that 
rock is substantially affected only by 
the differential between the hydro- 
static pressure and the formation 
pressure. A differential in either di- 
rection causes a reduction in drill- 
ing rate, but an increase of hydro- 
static pressure over formation pres- 
sure has a much greater effect than 
a differential in the opposite direc- 
tion. 

Shale samples exhibited a pressure 
effect; but, in this case, the effect 
was primarily due to the magnitude 
of the hydrostatic pressure. A pos- 
sible explanation for the difference 


_between the pressure reactions in the 


shale and in the limestone might lie 
in the fact that the limestone sam- 


ples were satisfactorily saturated 
while the shale samples were not. 

It should also be noted that the 
magnitude of the pressure effects ob- 
served in the course of these experi- 
ments has been relatively small and 
generally much less than can be 
caused by a moderate change in 
either bit load or rotary speed. 


4, While the phenomena to be in- 
vestigated in the laboratory have 
been separated into three categories: 
(a) the effect of pressure, (b) the 
effect of fluid properties on rock 
drillability, and (c) a study of the 
fundamental mechanics of rock fail- 
ure, it appears that considerable 
work must be done in each field in 
order to understand any single one 
of them; this is due to their very 
close relationship. For that reason, 
work has begun on investigating the 
effect of fluid properties on drilling 
rate, and data are currently being ac- 
cumulated on rock failure. 
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Miscible Displacements of Reservoir Oil 


C. A. HUTCHINSON, JR. 


SUMMARY 


Miscible phase displacement of oil 
from reservoirs has been emphasized 
in the past few years."*?*>°"'" The 
reason for this emphasis lies in the 
high oil recovery attainable by this 
process. Removal of capillary effects 
in the reservoir leads to recoveries 
approaching 100 per cent in the area 
contacted by the miscible phase. 


The miscible slug process"*’ is one 
means of obtaining a miscible dis- 
placement. Here a band or slug of 
LPG is injected into the reservoir 
prior to gas injection. The idea is to 
maintain the band of LPG “wedged” 
between the gas and oil phases and 
thus achieve a miscible phase dis- 
placement. A second method for 
achieving miscibility is through the 
injection of a gas which is not mis- 
cible with the reservoir fluid but 
which develops a zone of miscibility 
in the reservoir through mass trans- 
fer with the reservoir oil.. This mass 
transfer results in either an enrich- 
ment of the lean injected gas by in- 
termediates from the oil or an en- 
richment of the oil by intermediates 
from a rich injection gas or one that 
has been enriched on the surface by 
LPG addition. We are interested here 
in discussing the process in which 
miscibility is developed at the dis- 
placement front by the evaporation 
of intermediates from the oil phase 
into the gas phase. This process 
“builds up” its own slug of miscible 
material at the displacement front 
and therefore does not require the 
injection of LPG to obtain miscibil- 
ity. Each process has its own area of 
applicability. Generally, the high 
pressure gas process is applicable 
only with reservoir fluids which con- 
tain a high concentration of inter- 
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mediates. If the high pressure gas 
process is technically feasible at pres- 
sures less than 4,500 psi, it is prob- 
ably more desirable economically 
than the slug process. The slug proc- 
ess has broad applicability in the 
shallower reservoirs and with reser- 
voir fluids which contain a relatively 
low concentration of LPG and nat- 
ural gasoline constituents. 


This paper deals with some new 
concepts of the high pressure gas in- 
jection process where it is proposed 
that flue gas can be substituted for 
hydrocarbon gas without sacrificing 
our goal of miscibility. 


MECHANISM 


INTRODUCTION 


Considerable effort has been de- 
voted to study of the mechanics of 
the high pressure gas injection proc- 
One generalization result- 
ing from some of these studies’*** 
was that the composition of the in- 
jected gas is relatively unimportant 
in establishing the miscibility pres- 
sure* for a given reservoir fluid. 
This generalization is correct for the 
composition range of gases typically 
encountered in the field. Two such 
gases are a gasoline plant tail gas 
containing 85 per cent methane and 
15 per cent ethane, and a field sep- 
arator gas containing 70 per cent 
methane and 30 per cent heavier 
components. The most important fac- 
tor which sets the miscibility pres- 
sure in the operation is the reservoir 
fluid composition, particularly the 
concentration of LPG-natural gaso- 
line constituents. The injected gas is 
the agent by which the LPG-natural 
gasoline constituents are concentrated 
at the displacing front to create a 
miscible displacement. Based on 
these results, it appeared feasible that 
some inexpensive gas, such as flue 


*Miscibility pressure means the minimum 
reservoir pressure required for developing a 
miscible phase displacement. 


THE ATLANTIC REFINING CO. 


gas, might be substituted for hydro- 
carbon gas for use in the high pres- 
sure gas process. A re-examination 
of the phase relations of the high 
pressure gas injection process should 
Clarify the principle behind using 
flue gas (essentially nitrogen) as an 
injection gas. 


THREE COMPONENT DIAGRAM 
The phase relations of the high 


—pressure gas injection process have 


been illustrated by the use of the 
three component diagrams.”* In Fig. 
1 we have arbitrarily represented the 
multi-component reservoir system by 
three components; methane, ethane 
through hexane, and heptanes plus. 
The solid curve ABC is the phase 
boundary curve. It represents the 
locus of compositions which have a 
fixed saturation pressure at a fixed 
temperature; the lower branch AB 
shows bubble point compositions, 
the upper branch BC, the dew point 
compositions. Point B is the com- 
position of the critical mixture at 
this temperature and pressure. The 
dashed lines (tie lines) connect vapor 
and liquid compositions which are 
in equilibrium. 

Let us consider Reservoir Fluid 
D which we wish to displace in a 
miscible manner by gas injection. 
Let us further restrict the discussion 
to the case where miscibility between 
an injection gas and the reservoir 
fluid at the displacement front is 
developed by gas enrichment in the 
reservoir. For this case, any gas 
whose composition lies between 
Points C and E on the right side of 
the three component diagram can be 
used to give a miscible displacement 
of Reservoir Fluid D. This is true 
because the more mobile injected 
gas moves faster than the displaced 
oil and is in continuous contact with 
virgin oil at the displacernent front. 
This leads to a continuing enrich- 
ment of the gas at the displacement 
front by evaporation of the C. — C, 
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fraction until Composition B is 
reached by the gas phase. Since Com- 
position B is miscible in all propor- 
tions with the reservoir fluid Compo- 
sition D, the displacement of the 
reservoir fluid from this point for- 


ward is miscible and approaches 100. 


per cent. 

In practice some oil is by-passed at 
the front due to small scale pore 
system inhomogeneities, and this 
material is either added to the vol- 
ume of oil flowing in the transition 
zone between Compositions D and 
B, or is by-passed permanently as a 
nonflowing phase in the region of 
flowing gas phase. In the latter case 
the intermediates will be evaporated 
into the gas phase, broadening the 
region of enriched gas. This material 
will be recovered late in the life of 
the project. In reservoir applications 
the length of the transition zone be- 
tween Compositions B and D is large 
compared to small scale inhomo- 
geneities, and thus, the amount of 
oil permanently by-passed is small. 

We have reviewed briefly the phase 
relations of the high pressure gas 
injection process where a miscible 
displacement is developed by en- 
riching in the reservoir the lean 
injected gas to the point that it is 
miscible with the oil at the displace- 
ment front. Since in this process the 
composition of injected gas appears 
relatively unimportant, we designed 
an experimental program to test the 
substitution of flue gas for the pre- 
viously employed lean natural gas. 

A second use of flue gas is in 
miscible slug process applications. 
Here flue gas is considered for use 
in following a slug of hydrocarbon 
gas in a high pressure gas injection 
operation, or in following a propane 
slug in a miscible slug process appli- 
cation. We will cover the basic idea 
first. 

In our laboratory work we have 
used nitrogen instead of flue gas 
which is about 12 per cent CO, and 
88 per cent N.. In the reservoir the 


flue gas front will be essentially 100 
per cent N, in that the CO, will be 
stripped from the gas stream by 
solution in the interstitial water. 


EFFECT OF INJECTED 
Gas COMPOSITION 


Reservoir Fluid A, whose proper- 
ties are shown in Table 1, was used 
in this study. Table 2 summarizes the 
results of displacing this fluid from 
a 123 ft unconsolidated sand packed 
column at various pressures by four 
gases of different compositions. The 
gases used were 100 per cent nitro- 
gen, 100 per cent lean gas (85 per 
cent C,, 15 per cent C,), and two 
mixtures of the foregoing gases (one 
15 per cent nitrogen, the other 66 
per cent nitrogen). 

Fig. 2 presents the results of these 
displacements as oil produced at gas 
breakthrough vs reservoir pressure. 
For a specific injected gas composi- 
tion the recovery at breakthrough is 
a function of pressure up to mis- 
cibility pressure. Breakthrough re- 
covery increases with pressure in- 
crease. 

At and above the miscibility pres- 
sure, the breakthrough recovery is a 
constant. The effluent high pressure 
stream from the core is a single 
phase when operating at or above 
the miscibility pressure. As observed 
in a windowed cell, this high pres- 
sure effluent changes gradually from 
the single phase virgin oil before 
breakthrough to a single phase gas at 
abandonment. (Abandonment gas-oil 
ratio was chosen as 30,000 scf/STB). 

At sufficiently high pressure two 
simultaneously flowing phases _ will 


-not appear. The minimum reservoir 


pressure at which this occurs is the 
miscibility pressure. The miscibility 
pressure for 100 per cent nitrogen 
was found to be 3,870 psi. This is 
only 370 psi greater than the 3,500 
psi miscibility pressure determined 
for 100 per cent lean gas. The mis- 
cibility pressures for the other gases 
were 3,730 psi for 66 per cent nitro- 
gen and 3,700 for 15 per cent nitro- 
gen. It is noteworthy that there is a 
relatively small spread in miscibility 
pressures over a fairly wide range of 
injected gas compositions. That is, 
the miscibility pressure only increased 
from 3,700 psi to 3,730 psi when the 
nitrogen content of the injected gas 
was increased from 15 per cent to 
66 per cent. The addition of the 
first 15 per cent nitrogen to the in- 
jection gas increased the miscibility 
pressure by 200 psi (from 3,500 psi 
to 3,700 psi). Increasing the nitro- 
gen content of the injected gas from 
66 per cent to 100 per cent increased 


TABLE 1 
Reservoir Fluid Designation 


Component B D 
Nz 0.8 0.3 
Gi 42.7 13.0 21.2 51.4 
Ce 12.5 10.0 
Cs 10.2 11.3 8.8 
Cas 6.2 8.4 8.5 5.4 
Cs's 3.8 6.1 6.2 2.6 
Ce 3.3 4.5 5.2 1.8 
40.7 37.3 18.8 
100.0 100.0 100.0 100.0 
MWCi+ 191 197 194 142 
Bubble pt. 
psig 2,760 905 1,240 3,780 
Temp. ° F 140 176 176 237 
GAS COMPOSITIONS 
Component Flue Gas Lean Gas 
Ne 88.0 1.0 
88.0 
C2 8.6 
C3 0.3 
12.0 2.1 
100.0 100.0 
TABLE 2 
Injection Stock Tank Oil Recovery 
Gas Injection % of OIP Initially 
Run Composition Pressure At Break- Ulti- 
No. % Ne psig through mate** 
L-2 0 2900 66.0 
L-20 0 3250 66.4 76.6 
L-19 0 3500 82.0 95.4 
L-1 0 4000 82.0 95.0 
L-44 15 3500 68.0 Uke 
L-45 15 3600 74.0 82.9 
L-46 15 3700 80.4 86.0 
L-42 66 3500 67.3 76.5 
L-41 66 3700 77.9 87.3 
L-40 100 2900 49.2 59.6 
L-38 100 3500 67.2 69.4 
L-37 100 3800 77.6 83.6 
L-39 100 4000 80.6 83.2 
L-32 100 4300 80.6 84.7 


*Lean gas composition is shown in Table 1. 


the miscibility pressure from 3,730 
psi to 3,870 psi. These data suggest 
that dilution of nitrogen with rela- 
tively small amounts of hydrocarbon 
gas can be helpful in reducing the 
miscibility pressure. 

Additional experiments were car- 
ried out above the miscibility pres- 
sure using 100 per cent nitrogen as 
the injection gas to check the value 
of the ultimate displacement effi- 
ciency. Table 3 lists the results of 
displacing Reservoir Fluid A from a 
143 ft unconsolidated sand column 
at 4,000 psi by nitrogen and com- 
pares them with miscible lean gas 
sweeps. The 143-ft core was formed 
by joining in series the 123-ft sand 
column with a 20-ft sand column of 
the same diameter. This scheme pro- 
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vided for analysis of the residual oil 
value in each core separately. 

The ultimate displacement effi- 
ciency in the first 123 ft of this 
column was 83.2 per cent for the 
nitrogen sweep as compared to 95.0 
per cent for lean gas sweep. In the 
final 20 ft of the 143-ft sand column 
the ultimate displacement efficiency 
had increased to 94 per cent with 
nitrogen injection, which compares 
favorably to the 95.3 per cent ob- 
tained by use of lean gas in this 
length core. This result is interpreted 
to mean that with nitrogen it takes 
longer (more contacts) to develop 
miscibility. As a result, more of the 
oil is by-passed in the first 123 ft 
when nitrogen is the injection gas. 
However, for longer reservoir path 
lengths (approaching field dimen- 
sions), the quantity of intermediates 
is sufficient in both cases to lead to 
an ultimate recovery in the order 
of 97 to 98 per cent. The small dif- 
ference observed in laboratory core 
oil recovery at gas breakthrough be- 
tween the miscible nitrogen and mis- 
cible lean gas sweep (82 per cent for 
lean gas, 80.6 per cent for nitrogen) 
is probably due to the longer path 
length required to reach miscibility 
in nitrogen injection. 

In summary, it was found that 
nitrogen could be substituted for 
hydrocarbon gas for use with the 
favorable Reservoir Fluid A, with- 
out seriously increasing the miscibil- 
ity pressure. Furthermore, there was 
a broad range of gas compositions 
over which there was an inappreci- 
able change in miscibility pressure. 
This helped substantiate the concept 
that injected gas composition was 
relatively unimportant. To check 
this further it was decided to do 
some additional work on the effect 
of reservoir fluid composition on the 
miscibility pressure using nitrogen 
as the injection gas. 


EFFECT OF RESERVOIR 
FLUID COMPOSITION 


When a natural gas, which is sub- 
stantially methane, is used to dis- 
place an oil, the miscibility pressure 
was found to be determined by the 
fraction of LPG-natural gasoline con- 
stituents in the oil (the C,—C, 
fraction). As a result of the present 
study dealing with the use of nitro- 
gen as the injection gas, a new con- 
cept evolved. That is, when an inert 
injection gas is used the concentra- 
tion of methane as well as of the 
LPG-natural gasoline constituents in 
the reservoir fluid is important in 
fixing the miscibility pressure. 

The presence of sizable quanti- 
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TABLE 3 
Displacement 

Core Length Efficiency 

ft Injection Gas Per Cent* 
0-20 Nitrogen 
0-20 Lean Gas 91.1 
0-123 Nitrogen 83.2 
0-123 Lean Gas 95.0 
123-143 Nitrogen 94.0 
123-143 Lean Gas 95:3 


*Displacement efficiency determined by analysis 
of residual oil left in column after abandon- 
ment conditions (gas-oil ratio = 30,000 scf/ 
STB) have been reached. 

Displacement efficiency equals 100 minus the 
residual oil saturation (expressed as per cent 
of oil originally in place). 


ties of methane in the reservoir fluid 
is helpful in volatilizing the C, — C, 
fraction into the gas stream. The 
presence of methane in the nitro- 
gen-lean gas mixtures used as injec- 
tion gases (described earlier) prob- 
ably causes a similar result. Displace- 
ments by nitrogen of reservoir fluids 
containing various amounts of 
methane illustrate this effect. For 
this study the reservoir pressure was 
fixed at 4,300 psi, and displacements 
were made from the 123 ft uncon- 
solidated sand column. The C, — C;, 
fraction was varied in this study by 


varying the proportion of separator _ 


gas and liquid in the reservoir fluid 
mixture. The (C, — C,)/C,, ratio re- 
mained essentially constant. The 
highest saturation pressure fluids con- 
tained the highest methane concen- 
tration. 

Table 4 summarizes the results 
obtained in these displacements. Fig. 
3 is a plot of oil recovery at break- 
through vs saturation pressure and 
shows that 4,300 psi is the mis- 
cibility pressure for a reservoir fluid 
having a saturation pressure of 2,600 
psi at 176° F. For saturation pres- 
sures above 2,600 psi, the minimum 
miscibility pressure is less than 4,300 
psi. Thus, the minimum miscibility 
pressure and the saturation pressure 
approach each other. In the limit, 
the minimum miscibility pressure 
must be somewhat above the satura- 
tion pressure to satisfy the require- 
ment that the reservoir be under- 
saturated in a miscible-type high 
pressure gas operation. 

Analyses of the gas and liquid 
phases flowing from the core were 
made in many of these displacements 
and the results are plotted on the tri- 
angular diagram shown in Fig. 4. 
(Several reservoir fluids are included 
in this figure for comparison). In this 
diagram, methane (C,) is included 
as an intermediate, and the “three” 
components are then N,, C, — G,, 
and C,,. Such a plot is not thermody- 
namically rigorous, but it has value 
in that generalizations resulting from 
such a representation have been con- 
firmed experimentally. 

It can be seen in Fig. 4 that as 


the concentration of the C,—C, 
fraction in the reservoir fluid is in- 
creased, the compositions of the 
phases in equilibrium at the front 
approach each other. Finally, when 
the reservoir fluid composition 
reaches Point A (or a saturation pres- 
sure of 2,600 psig as shown in Fig. 
3), a miscible phase displacement is 
achieved at 4,300 psi. Thus, it can 
be seen that methane in the reservoir 
fluid is acting as an intermediate 
when nitrogen is used as an injection 
gas. 

A further observation from these 
data is that the spread in miscibility 
pressures between nitrogen and lean 
gas injection decreases with increas- 
ing methane in the reservoir fluid 
(this assumes the C, — C, concen- 
tration is fixed). An example of this 


-is Reservoir Fluid B which requires 


reservoir pressures in excess of 4,300 
psi to reach miscibility with nitrogen 
while only 3,400 psi is needed for 
lean gas. (Table 5 presents the re- 
sults of the lean gas displacements 


of Reservoir Fluid B). This is a 


spread of over 900 psi compared to 
only a 370 psi spread between lean 
gas and nitrogen for Fluid A. This 
means that the injected gas composi- 
tion is more important with the 
lower saturation pressure crudes. 


The qualitative phase relations for 
systems containing nitrogen are il- 
lustrated in the tetrahedron shown 
in Fig. 5. Here the front face con- 
tains the familiar three component 
system C,, C, — C,, and C,,. The far 
corner of the tetrahedron is the 100 
per cent nitrogen apex. The phase 
boundary is the surface of a solid 
whose important areas are shaded in 
Fig. 5. If Reservoir Fluid D is dis- 
placed by methane, C,, the critical 
Composition C is developed at the 
front and miscibility results. If Reser- 
voir Fluid D is displaced by N, atthe 
miscibility pressure a critical com- 
position such as E is developed at 
the front and miscibility results be- 
cause Composition E is completely 
miscible with Reservoir Fluid D. As 
methane is removed trom the Reser- 


TABLE 4 


SaturationStock-Tank Oil Recovery 
Reservoir Pressure* Per Cent of OIP Initially 


Run Fluid psig at At Break- Ulti- 
No. (Table 1) 176° F through mate 
L-30 B 905 65.8 66.5 
L-34 c 1,240 64.3 69.5 
L-35 a 2,340 77.4 84.4 
L-32 A 2,760** 80.6 84.7 
L-33 3,000 80.6 82.6 


*Various saturation pressures were obtained by 
mixing separator liquid and separator gas} to 
the desired saturation pressures. 

**This run was made at 140° F. The small dif- 
ference in temperature (140° F compared to 
176° F) has a negligible effect on the dis- 
placement results. 
+The products were obtained by flash separation 
of Reservoir Fluid A at 300 psig. 
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voir Fluid D, the phase relations be- 
come less favorable for obtaining 
a miscible phase displacement with 
nitrogen. In the extreme, if all the 
methane were removed from Com- 
position D, Composition G would 
result, and very high pressures would 
be required for the obtention of a 
miscible phase displacement with N.. 
For this extreme case, the composi- 
tion of the reservoir fluid would 
have to be at Point F to obtain a 
miscible phase displacement. 


VOLUME ADVANTAGE 


An added advantage of flue gas 
over hydrocarbon gas arises from its 
pressure-compressibility relationships. 
In the range of 1,000 to 4,000 psig 
usually encountered in reservoir op- 
erations the number of standard 
cubic feet of flue gas required to 
produce a reservoir volume of gas is 
significantly lower than the require- 
ment for natural gas. Fig. 6 shows 
the ratio of standard volumes of flue 
gas to standard volumes of natural 
gas to form one reservoir volume of 
high pressure gas. (Flue gas was 88 
mol per cent N., 12 mol per cent 
CO,. Natural gas was 88 mol per 
cent C,,12 mol per cent C,).The data 
points shown in Fig. 6 are based on 
literature correlations’ of com- 
pressibility factors with reduced tem- 
peratures and pressures. In addition 
to the calculation of the compressi- 
bility factors for the gases, allowance 
was made for the volume decrease 
of the flue gas by solution of carbon 
dioxide into the connate water exist- 
ing in the reservoir. 


This calculation was based on ex- 
perimental data obtained in the lab- 
oratory in which flue gas at 4,000 
psi and 150° F was brought in con- 
tact with salt water containing 180.- 
000 ppm total solids. These data 
showed that 0.035 volumes of the 
high pressure flue gas dissolved in 
one volume of the salt water. If the 
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TABLE 5 
Stock-Tank Oil Recovery 
Injection Per Cent of OIP Initially 
Pressure At Break- 

Run No. psig through Ultimate 
L-27 3,000 69.2 79.8 
L-28 3,250 76.9 86.5 
L-26 3,500 82.8 90.7 


Reservoir Fluid B saturation pressure in these 
experiments was 905 psig at 176° F. 

Miscibility pressure was estimated to be 3,400 
psig. 


reservoir has a 25 per cent connate 
water saturation, the injected gas 
volume would shrink by only 1.2 per 
cent due to solution effects. Based on 
these results, we feel that the volume 
shrinkage of the flue gas by solution 
effects is minor. As we can see above, 
substantial savings in injected gas 
quantities can be achieved by sub- 
stituting flue gas for natural gas. 
This savings amounts to about 18 per 
cent of the injected gas volume at 
3,000 psig and 150° F. 


MISCELLANEOUS USE-OF FLUE 
GAS IN GAS INJECTION 
OPERATIONS 


UsE OF FLUE Gas TO FOLLOW 
LEAN Gas IN HIGH PRESSURE 
Gas INJECTION PROCESS 


Because flue gas is miscible with 
hydrocarbon gas at reservoir condi- 
tions of temperature and pressure, it 
appeared feasible to use the inert gas 
as a fill-up material in certain reser- 
voir applications. This idea would 
be applicable in those cases where 
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an unacceptably large pressure in- 
crease over a hydrocarbon gas opera- 
tion would obtain if flue gas were 
used alone to achieve miscibility. 

Based on previous work on the 
miscible slug process’ it was deter- 
mined that the size of hydrocarbon 
gas slug to inject prior to inert gas 
injection would be small. Hydrocar- 
bon gas slugs less than 5 per cent 
of the hydrocarbon pore space con- 
tacted should be sufficient. 


UsE oF FLUE Gas TO FOLLOW 
SLUG IN THE MISCIBLE 
SLUG PROCESS 
In cases where miscibility can be 


-achieved between the flue gas and 


the miscible slug, use of flue gas 
should be considered. However, the 
phase relationships for the flue gas- 
miscible slug-reservoir fluid system 
are less favorable than for the system 
containing the hydrocarbon gas. A 
larger slug is thus required. It is a 
problem of economic evaluation 
whether flue gas should be substi- 
tuted directly for hydrocarbon gas, 
effecting an increase in slug size re- 
quirements or whether a slug of 
hydrocarbon gas should be used as 
a buffer between flue gas and slug. 
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Departure Curves for the Self-Potential Log 
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An analog computer study was made of the reduc- 


tion of the magnitude of the SP by formation geometry 
and resistivity effects. Practical field situations were 
studied. The analog data were converted to the form 
of departure charts. These churts may be used to de- 
termine the reduction in the SP due to the above effects 
with good precision. 


Quantitative interpretation of the SP log in terms of 
formation water resistivity is presently based on the 
premise that the observed SP is equal to the electro- 
chemical potential developed across a shale between 
the mud filtrate and the formation water. This proce- 
dure inherently assumes that, first, no electrokinetic 
(streaming) potential is present, and, second, that the 
SP is not reduced by resistivity or geometry effects in 
the formation. When, however, such a reduction of the 
observed SP does occur, one may write, 

where SP is the observed self-potential opposite the 
center of the bed under consideration. In this case, E, 
is the electrochemical potential, E, is the electrokinetic 
potential, b. is the electrochemical reduction factor, and 
b, is the electrokinetic reduction factor. The first as- 
sumption above is equivalent to assuming E, = 0 
in Eq. 1 and the second assumption is equivalent to 
b, = b, = 1. 

Examination of electric logs shows that for many 
formations of interest the observed SP is reduced be- 
low its maximum value. The object of this work is to 
aid quantitative SP interpretation in at least some of 
these situations by obtaining values for b, and 5, in Eq. 
1 as functions of realistic combinations of bed thick- 
ness, depth of invasion, and formation resistivity. 

The only previously published work in this field 
known to the authors is by H. G. Doll’ in 1948. He 
evaluated b, under conditions permitting exact analytical 
solution. His work clearly established the importance 
and qualitative nature of formation geometry and re- 
sistivity effects upon the SP, but the necessity of obtain- 
ing analytical solutions restricted his study to situations 
of limited practical interest. 

In order to extend such studies to practical combina- 
tions of formation parameters which do not lend them- 
selves to feasible analytical solutions, the results re- 
ported in this paper were obtained by use of a special 
analog computer. 


Original manuscript received in Society of Petroleum Engineers 
office on July 15, 1957. Revised manuscript received Dec. 9, 1957, 
Paper presented at 32nd Annual Fall Meeting of Society of Pe- 
troleum Engineers in Dallas, Tex., Oct. 6-9, 1957. 

1References given at end of paper. 
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THE ANALOG MODEL 


The analog model used for this study was the Guyod 
Analog Computer which originally was designed and 
built for resistivity log departure curve studies. It con- 
sists of a two-dimensional mesh of resistors, with the 
vertical mesh corresponding linearly to vertical dis- 
tance along the borehole, and the horizontal mesh cor- 
responding to radial distance from the borehole axis. 
By proper choice of horizontal resistor values, a three- 
dimensional, axially symmetric, borehole-formation 
problem can be modeled with this two-dimensional ar- 
ray. These and other details of the model are contained 
in a paper by H. Guyod’. 

The geometry used for the SP studies with the analog 
is depicted in Fig. 1. This configuration has a horizon- 
tal plane of symmetry, and, hence, the model, and the 
following discussion, need only to be concerned with 
one quadrant such as shown in Fig. 2. A further sim- 
plification arises by considering that both the natural 
potential sources and those used in the model have fixed 
internal impedance. Therefore, the current flows pro- 
duced by these sources can be separated and studied 
independently (i.e., the superposition theorem can be 


applied). 
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Fic. 2—LocatTion or PorentTIAL SOURCES IN 
rHe ANALOG MopeE.. 


where 


SP. 

where SP, and SP, refer to SP’s observed in the model 
independently, i.c., with only one kind of potential 
source present. In the actual modeling, both the E, 
and E, sources were built into the network. Measure- 
ment of SP, was made with E, = 100 mv and E, = 0 
mv. A second measurement of SP, was then taken with 
E, = 0 mv and E, = 100 mv. b, and b, were calculated 
from Eq. 3. 

The natural location of the electrochemical potential 
is somewhat obscure; however, it is usual to divide it 
into three parts and distribute it between the three 
boundaries’ shown in Fig. 2, (here E, = E, + E. + E,). 
Furthermore, as shown by Doll in a mathematical ap- 
pendix to the preprint of his paper’ mentioned earlier, 
the three potentials (F,, E., and E;) can be lumped to- 
gether on any one boundary without changing the cur- 
rent flow or potential distribution in the borehole. It 
is particularly convenient to place the entire E. poten- 
tial on Boundary 1, as this boundary is finite and re- 
quires a minimum number of potential sources in the 
model. 

The electrokinetic potential occurs either in the bore- 
hole across the mudcake at the borehole-invaded zone 
interface or, in addition, into the shale at the shale-bore- 
hole interface. In either case, applying Doll’s concept 
as before, the entire electrokinetic potential may be 
placed on the borehole-invaded zone boundary. 


The potential sources in the analog were small, 60 
cycle alternating current transformers, each connected 
with its low impendance side in series with a normal 
resistor element between two mesh points in the model. 
The transformers were separately powered and con- 
trolled, and thus could be used to insert a potential 
along a line in the model without introducing any 
change in the resistance components of the model. As 
the transformers were not directly coupled together, 
such a line of potential sources was not necessarily an 
equipotential line in the model. Reactive effects do not 
distort the apparent resistivity of the model, as the fre- 
quency used is low and the actual resistance in the cur- 
rent paths is also low. 


In the resistivity studies, the logging sonde was built 
Into a mud network, and the mud network including 
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the sonde was moved past the formation by means of 
a 1,000 pole, 1,000 position switch. For the SP study, 
the mud network with a sonde was wired directly to 
the formation. The single SP electrode was then moved 
along the proper mesh points in the mud network by 
means of a single pole stepping relay. 


TESTING OF THE ANALOG MODEL 


The reproducibility of the analog was studied by 
means of five pairs of tests. Each pair comprised tests 
of identical situations set up into analog form at differ- 
ent times. The average variation over the five pairs was 
+ 2 per cent in the reduction factor obtained by one 
test compared to that from the other. This reproduci- 
bility is believed to be typical. 

The model was tested once without use of the plane 
of symmetry. That is, with shales on both sides of a 
sand bed and potential sources in the E, position. As 
the SP sonde was stepped past the bed, a typical sym- 
metrical SP curve was recorded. The model was then 
cut in half along the plane of symmetry and the first 
half of the run repeated. The half curve obtained was 
identical within the reproducibility of the model to the 
upper half of the full SP curve. 

Next, using the quadrant model and a configuration 
with invasion, potential sources were placed in turn 
along each of the boundaries in Fig. 2. The results were 
identical in each case, indicating that the model con- 
formed to Doll’s theorem. 

Several special setups were then run to specifically 
check some of the analytical solutions of Doll. The re- 
sults agreed with his values within 2 per cent. 
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The effect of sonde diameter was studied by making 
several runs with representative formation conditions 
but with the SP electrode first at a radial position of 
0.2d and then at 0.0625d; corresponding to SP elec- 
trodes on the sonde and on the cable, respectively. No 
difference could be detected between these observed 
SP’s for either of the significantly different choices of 
formation parameters used. Hence it is concluded that 
there is no significant effect upon the observed SP when 
some of the drilling fluid in the borehole is displaced 
by a logging sonde. Therefore, the check reported in 
the previous paragraph between Doll’s analytical solu- 
tions obtained for a point electrode and the analog 
studies with an electrode on a logging sonde of finite 
diameter truly reflects the absolute accuracy of the 
analog model. 


CASES STUDIED 


As an aid in limiting the size of the program, the 
following guiding decisions were made. 

1. The configuration studied was to be that of a sin- 
gle uniform bed lying between two shales of equal re- 
sistivity extending to infinity in the direction away from 
the bed of interest. 

2. Formation factors corresponding to a range of 
porosities from 10 to 35 per cent were chosen. This de- 
fined a range of R;/R,,’s according to the relationship, 

3. Formation water resistivities corresponding to 
fresh, saline and hypersaline waters were then combined 
with the selected formation factors to obtain values of 
R, = FR,,. R:/R,, was obtained by using the realistic 
range of R,,’s available in the model. 


TABLE 1 

Parameter Range Studied 
e/d 2) 
Di/d 10to 9.6 
Rt/Rm 0.2 to 150 
Ri/Rm 6 to 105 
Rs/Rm 0.2 to 25 
Ri/Rt 0.6 to 30 


e/d, D;/d, and R./R,, were varied over the values 
in Table 1 independently of the formation resistivities. 


REDUCTION OF THE DATA 


Examination of the b, data suggested that an average, 
or effective resistivity, as seen by “looking into” the 
formation from the E£, position might simplify presen- 
tation of the data. This effective resistivity is defined 
as, 

Rert/Rn = (1 d/D,)Ri/Rr (d/D,)Ri/Rn 

Thus R,,;/R,, ranges between R;/R,, and R,/R,,, its 
value varying inversely with D,/d. 

All of the 5, data for a given pair of values of e/d 
and R,/R,, were fitted to a cubic equation in log (Rer:/ 
R,,) using the method of least squares. The resulting 
analytical equations were plotted and compared to the 
original data. Smoothing, particularly at the ends of 
the curves, was done by hand. Values of b, at a set 
of fixed values of Rirr/R» Were then cross plotted vs 
e/d and R,./R,, and each of the resulting curves 
smoothed. Final curves of b, vs ES were 
then drawn from these cross plots. 

Despite several attempts, it was not found practical 
to fit the b, data by the method of least squares to any 
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Fic. 22-ELECTROCHEMICAL POTENTIAL DEPARTURE CURVES FOR e/d = 30. 
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empirical formula. The b, data were fitted entirely by 
eye. 

The data were separated first according to e/d, as 
this variable is easiest to evaluate from an electric log. 
R,/R,, served as a second break point by a similar ar- 
gument. It then appeared that the b, data could be 
expressed by an equation of the form, 

where b,* refers to values of b, at fixed e/d and R,/ 
R,,, and is independent of R,/R,, and D;/d individually, 
and § is a function of D,;/d and R;/R,, but not of 
R,/R,,. Using this assumption, the presentation shown 
in the accompanying departure charts was developed. 
The unlabeled horizontal axis in the b, charts is the ar- 
bitrary variable, S, in Eq. 5. The actual fitting was done 
by simultaneously varying the shapes of the D,/d and 
R,/R,, vs S curves to obtain the best fit. These curves 
were then made self-consistent by cross plotting against 
e/d, R:/Rn, and D,/d. 

The departure curves finally obtained are presented 
in Figs. 4 through 23%. 


PRECISION 


The original analog data were compared with the 
final departure charts and the normalized deviation cal- 
culated as, 

The root mean square deviation for the 1,193 original 
data points compared to the charts is 5.4 per cent. 
This could be improved to 4.0 per cent by omitting 
165 b, points with R;/R, < 1, and D,/d > 2. This 
suggests that for R,;/R, < 1, the assumptions of Eq. 5 
tend to become invalid. 

The average absolute difference between the chart 
and analog reduction factor, b, is 0.016. The maximum 
for any single point is 0.18. The maximum normalized 
deviation is 35 per cent for a point with b. = 0.25. Both 
maxima occur at R,/R; < 1. 

The fit of the data (Dansioe — Denare) Shows no sig- 
nificant trend with formation parameters except at low 
R,/R, as noted earlier. However, the deviation defined 
in Eq. 6 increases as the reduction factor becomes 
smaller, because it is expressed as a per cent of the re- 
duction factor. 

Fig. 3 shows one of the b, charts with the analog 
data points as well as the smoothed curves represent- 
ing the original values of D;/d and R,/R,,. The fit of 
these curves is typical. 

The accuracy of these charts in use will depend upon 
both ability to accurately evaluate formation and bore- 


*Figs. 4 through 23, Copyright 1957, California Research Corp., 
printed by permission. 
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hole parameters from the logs and also upon whether 
the situation under study falls within the range of con- 
ditions used with the analog to obtain the charts. It 
is not anticipated that the error would increase very 
rapidly for modest extrapolations beyond the original 
data, except for low R;/R, values. 

In addition, the method of presentation was selected 
with the objective of not only retaining as much of 
the precision of the original data as possible, but 
also of permitting use with as much accuracy with as 
little effort as practical. Thus, for the b, data the value 
of e/d, certainly the easiest formation parameter to 
estimate, determines the correct page. The correct chart 
is determined by R,/R,,, also readily evaluated. Of the 
remaining formation parameters, D,;/d is the most diffi- 
cult to determine. However, the arrangement of the 
b, charts permits estimation of the importance of this 
variable and of the error likely to be introduced by a 
poor guess. 


CON CGL 


1. The reduction of the SP by formation and bore- 
hole geometry and resistivity effects can be accurately 
modeled on an analog computer. 

2. The resulting analog data can be presented in 
simplified form for field use while still retaining the 
precision of the data. 

3. The formation parameters affect b over the range 
of these parameters studied in the following manner: 

a. b, and b, decrease markedly with decreasing 
e/d. 

b. b, decreases markedly with increasing D,/d. 

c. b, is unaffected by D,/d when R; = R,. When 
R; ~ R., b, is affected relatively more and 
more by R; than R, as D;/d increases. 

d. b, and b, decrease with increasing R,/R,, and 

e. b, and b, decrease slightly with decreasing 
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A Model for the Mechanism of Oil Recovery from the 
Porous Matrix Due to Water Invasion in 


ENE RODUCTION 


The first step in a quantitative 
analysis of the mechanism of oil dis- 
placement by water in a fractured 
_ reservoir is usually conceded to be 
the solution of the differential equa- 
tion describing the saturation distri- 
bution of two immiscible fluids flow- 
ing in a porous medium, where the 
capillary pressure is taken into ac- 
count.In such a system the produc- 
tion mechanism may consist of dis- 
placement of oil both by the flow 
of water due to natural or artificially 
imposed pressure gradients and by 
imbibition, which implies a flow of 
water not due to external pressure 
gradients. Owing to the presence of 
the two oil displacement mechan- 
isms, the mathematical model given 
by the differential equation intended 
to describe the system may not prop- 
erly represent the behavior of the 
physical system. In fact, in the reser- 
voir the rate of water advance may 
be very slow, and in the case of a 
fractured reservoir with a great num- 
ber of large fractures, the pressure 
difference determining the flow of 
water through the matrix may be 
much less than 1 Ib/psi over lengths 
of a few feet. In such a case, imbi- 
bition (the exchange between oil in 
the matrix and water in the fractures 
resulting from capillary forces) may 
become, with time, a significant ele- 
ment of the production mechanism. 

It occurred to the authors, how- 
ever, that without going into a phys- 
ical analysis of the process of pro- 
duction, it might be possible by 
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means of simple abstract reasoning 
to throw some light on the variation 
of recovery with time under condi- 
tions occurring in a highly fractured 
oil reservoir with rising water table. 


The object of this paper is to 
present both the reasoning and its 
application to a reservoir of the 
highly fractured type. Specifically, 
the analysis given here was under- 
taken to try to explain the increase 
of recovery (as defined later) with 
time as observed in this reservoir, 
without having to assume unlikely 
variations in the reservoir parameters 
with depth. This attempt has been 
successful as will become clear upon 
comparison of the computed recov- 
eries with the actual field data. 


ABSTRACT MODEL 


Let us consider a small volume, 
dv, of porous matrix saturated with 
oil at time, t = 0. Let the process 
of oil displacement by water start at 
time, At some time, ¢, the 
process will have terminated. Then a 
volume of oil equal to or smaller 
than the original oil contained in 
the matrix will have been produced. 
The first basic assumption that de- 
scribes the model and guides the 
forthcoming reasoning is that the oil 
production from the small volume, 
dy, is a continuous monotonic func- 
tion of time and that it converges to 
a finite limit. Such an assumption is 
not inconsistent with the results of 
laboratory waterflood tests as well 
as with results of imbibition tests 
where this is, in fact, observed. The 
second basic assumption is that none 
of the properties which determine 
the rate of convergence change suf- 
ficiently during the process to affect 
this rate or the limit. 

Let it be assumed that the form 


of the function of time relative to 
production from the matrix volume, 
dy, is given by 


V(t) 


where V,(t) is the volume of oil pro- 


_-duced up to that time ¢. R is the 


limit toward which the recovery 
converges, A is a constant giving the 
rate of convergence, and V(t) is the 
volume of oil originally in place in 
the volume, dv. 

_It should be noted that recovery at 
time ¢ will be understood here to be 

y(t)” 
It follows that r tends to R as t tends 
to infinity. 


r 


CONSTRUCTION OF RESERVOIR 
FROM ABSTRACT MODEL 


Let the reservoir consist of a series 
of identical blocks of porous matrix 
stacked vertically and separated by 
fractures. Let each of these blocks 
satisfy the conditions of our abstract 
model. These conditions are: (1) 
that recovery is a continuous mono- 
tonic function of time converging to 
a finite limit, and (2) none of the 
properties that determine the rate of 
convergence change sufficiently to 
affect the rate or the limit. Let water 
be rising in fractures so that oil pro- 
duction from any part of the block 
starts when the water comes in con- 
tact with it. 


TOTAL RECOVERY FROM THE 
RESERVOIR COMPARED TO 
RECOVERY FROM A SINGLE 

MODEL ELEMENT 


As stipulated in Eq. 1, in. the 
case of the abstract model, 
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In the case of the reservoir, the 
recovery is found as follows. Assume 
that N identical blocks are stacked 
vertically and that the block of rank 
7 is submerged in water at time ¢ 
when the water level has reached the 
height, Z; = Z(t;). If V.; is the vol- 
ume of oil produced by the block of 
rank j, then, 


where r; is the recovery from block 
j and V;; is the volume of oil initi- 
ally in this block. 

If V(t) is computed for time f, 
then, 

since block j has been submerged 
only for a time interval equal tot — f,. 

Then if N blocks are submerged at 
time f, 


N 
V(t) = 

where 

nN Z; = Vij. 

If we now allow the number of 

blocks to increase indefinitely, we get 


N 
V(t) = lim R > 
N-> co 
eZ) 


Z(t) 


If the velocity of advance of the 
water table is uniform and equal to 
a, then Z = at, and 


(3) 
The volume of the original oil in 
place in the invaded region is given 
by Va) anit. 
Thus 


1 
The comparison of the recoveries in 


time, as given by Eq. 2 and 4, is 


SINGLE MODEL ELEMENT 


° 


TOTAL RESERVOIR 


° 


RECOVERY, FRACTION 
° 


° 


1 1 1 


3 4 
TIME IN DIMENSIONLESS UNITS Xt 


Fic. 1—Recovery Impipirion. 
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best done by means of the graph in 
Fig. 1. 


RESULTS OF COMPARISON 


From Fig. 1 it is immediately seen 
that the recovery from the reservoir 
is lower than that from a single 
model element at any time before 
the limit is reached. The difference 
between the two recoveries con- 
verges to zero as each recovery con- 
verges to R; the value of the differ- 
ence at any given time depends 
uniquely on At and R. It should be 
stressed further that in case of con- 
stant velocity of advance of the 
water table, the rate of advance does 
not affect the difference. 


The importance of these results 
may best be appreciated when ex- 
pressed in terms of field experience. 
In fact they mean that oil recoveries 
obtained at various times of the past 
history of a fractured field will show 
an increasing trend, provided that 
production from the fractures is suf- 
ficiently slow. It should be empha- 
sized that this basic result is valid 
even if the continuous monotonic 
function converging to a limit (which 
expresses the relation between time 
and recovery in the abstract model) 
is something other than the assumed 
exponential function. However, in 
such a case, the relation between the 
recoveries for the field and the model 
would be different. As long as the 
function is not specified, the quanti- 
tative analysis of this relation is not 
possible. Should this function be of 
the assumed exponential form, how- 
ever, a number of quantitative re- 
sults of practical interest can be ob- 
tained. It is in fact possible, know- 


‘ing recoveries with time from the 


past history and the history of the 
water table movement, to extrapolate 
recoveries into the future and cal- 
culate the ultimate value of recovery. 
That, in turn, allows a comparison 
between field estimates of recovery 
and the values of residual oil ob- 
tained in laboratory tests. The fol- 
lowing application is for the case of 
an actual reservoir. 


APPLICATION TO AN 
ACTUAL FIELD 


GENERAL CONSIDERATIONS 


Some 20 waterflood tests made on 
large core samples showed that the 
variation of residual oil values is 
very small in spite of large variations 
in permeabilities. These ranged from 
a fraction of a millidarcy to several 
hundred millidarcies. It was con- 


sidered that the variation in residual 
oil was sufficiently small to be ig- 
nored. 

It should be pointed out that the 
nonhomogeneity of the rock does 
not quite fit the idealized model dis- 
cussed. However, it was found that 
large changes in viscosity and in 
differential pressure did not affect 
the value of the residual oil. This, 
to some extent, justifies the second 
assumption made in determining the 
abstract model. Although expression 
(1) may not lead to the best fit to 
recovery in the case of imbibition, it 
was considered good enough for our 
purpose. 

To summarize, it is believed that 
the actual reservoir considered here 
corresponds fairly well to the theo- 
retical reservoir previously described. 


FIELD DaTa AVAILABLE 


Thirty-two values of recovery 
(from the matrix alone) obtained 
from the material balance calcula- 
tions, carried out at regular intervals 
throughout the history preceding gas 
cap development of the actual reser- 
voir, were available. These are 
plotted in Fig. 5. It should be noted 
that by adjusting porosities, inter- 
stitial water content and other con- 
stants in the material balance equa- 
tion, one would obtain different 
values of recoveries. The available 
set of recoveries should only be con- 
sidered as an example. The form of 
the curve is correct, but the absolute 
values of the recoveries are obtained 
from this curve by multiplying by a 
constant factor. 

Forty values of water level (in the 
fractures) as a function of time at 
regular intervals, obtained from field 
measurements during the past history 
of the field, are plotted in Fig. 3. 
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EVALUATION OF X FOR THE 
ACTUAL RESERVOIR 


Should Z (t) be a linear function 
of t, Eq. 3 reveals that r depends 
uniquely on R and X. Thus having 
a number of values of r for various 
times, one could fit expression (3) 
to these data by a suitable choice of 
R and X. Since the given Z(t) is not 
a linear function of t, one has to 
devise a suitable treatment. 

Let Z; = Z(t,;), where Z; is the 
position of the water level at time, 
t;. Then V, is given by 


and 
(6) 


To evaluate this integral it is nec- 
essary to know the function, Z(t). 
As a matter of interest, the case 
where Z = at + bt was numerically 
-evaluated for a pair of values of 
the parameters a and ); the results 
are plotted in Fig. 4 (Curve 3). 

The values of the derivative, Z’ (t), 
which appear in Eq. 6 were obtained 
by interpolation and smoothing of 
the given values of Z(t) and by 
numerical differentiation. The values 
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of r/R were then obtained from Eq. 
6 for various values of X. If the 
field recoveries for each time period 
are plotted against r/R so obtained, 
and if these recoveries are consistent 
with the model assumed, then a 
straight line should result. 


For each value of A, such a plot 
was made, and the slope was deter- 
mined by least squares methods. The 
value of 2» selected was the one 
which gave the best fit on the least 
squares criterion. 

Fig. 5 shows the result of the 
computations carried out in this man- 
ner compared to the field recoveries. 


CONIC 


1. The considerable variation in~ 
observed recoveries in a fractured 
reservoir with time has been ex- 
plained. 

2. A method of extrapolating field 
recoveries has been presented. 

3. It has been found that the 
mechanism of oil production from 
water invasion in a fractured reser- 
voir may be a very lengthy process. 
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Properties of Cementing Compositions at Elevated 
Temperatures and Pressure 


JUNIOR MEMBER AIME 
DWIGHT K. SMITH 


ABS RAC T 


Studies have been conducted on 
the properties of many deep well 
cementing compositions to determine 
their strength behavior over curing 
periods to 180 days at elevated tem- 
peratures and 3,000 psi pressure. This 
pressure results in essentially the same 
compressive strength as that obtained 
with much higher pressures in ac- 
cordance with the findings of an API 
subcommittee. These different com- 
positions include API Classes A, E, 
and F cements containing additives 
such as retarders, bentonite, heavy 
weight materials and pozzolans. All 
compositions except mixtures of poz- 
zolans and hydrated lime show from 
mild to severe degrees of strength 
loss over a temperature range from 
230 to 320° F after setting. Pozzolan- 
lime compositions actually gain in 
strength with time at these high 
temperatures. 


Other chemical and physical prop- 
erties evaluated to observe their inter- 
relationship with strength loss show 
very little correlation except in per- 
meability. As retrogression in strength 


Original manuscript received in Society of 
Petroleum Engineers office on Aug. 16, 1957. 
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Discussion of this and all following tech- 
nical papers is invited. Discussion in writing 
(three copies) may be sent to the offices of 
the Journal of Petroleum Technology. Any 
discussion offered after Dec. 31, 1958, should 
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increases, the permeability of set 
cement increases. X-ray diffraction 
patterns on the set products indicate 
the formation of certain compounds 
having little or no strength value in 
those cementing compositions where 
strength loss was more severe. 


As a result of the growing trend 
toward deep well completions, a 
study has been made on the proper- 
ties of the various cementing slurries 
presently in use at elevated tempera- 
tures and pressure. The strength of 
these compositions is of prime im- 
portance in selecting the most suit- 
able material for use at high tem- 
peratures, to determine WOC time 
and the proper time to perforate 
with a minimum of shattering. Of 
primary interest in this investigation 
was the strength behavior of various 
compositions currently in use, and 
the effect of additives on cement 
after long periods of curing under 
severe conditions. 

Earlier have 
pointed out that the strength of some 
cements will increase with increasing 
curing temperature to about 220 to 
240° F, but at higher temperatures 
a loss in strength occurs at extended 
time intervals. Studies by the API 
Mid-Continent District Study Com- 
mittee on Oil Well Cements’ out- 
lined a testing procedure whereby 
field conditions of temperature and 


HALLIBURTON OIL WELL CEMENTING CO. 


pressure could be simulated in the 
laboratory.* It was observed that re- 
tarded cements undergo changes at 
elevated temperatures and some lose 
as much as 50 per cent of their 
early strength when cured at high 
temperatures. The scope of these 
tests was limited to curing periods of 
1 to 28 days; additives were not 
covered in this study. 

Saunders and Walker’ found that 
the use of additives influenced the 
strength behavior of cements at high 
temperatures, but studies were con- 
ducted only to a seven-day curing 
period. Ludwig and Pence* conducted 
an investigation of two types of ce- 
ments under elevated pressures and 
temperatures in an effort to explain 
the causes of this loss in strength 
phenomenon. It was observed that 
with retrogression in strength there 
were other physical and chemical 
changes which took place as the 
cement aged. 


Today there are a number of ce- 
menting compositions available for 
use at well depths below 10,000 ft. 
Since all these earlier investigations 
were limited in curing time as well 
as the number and type of composi- 
tions studied, it was believed that a 
more extensive study should be con- 
ducted on the properties of cements 
at elevated temperatures, and _ this 
work should include those composi- 
tions actually in general field use at 
this time. 
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SCOPE OF INVESTIGATIONS 


The first object of this study was 
to define clearly the temperature and 
time at which retrogression began 
and over what period of time this 
loss in strength extended. The second 
consideration was to analyze each 
composition for surface area, chem- 
ical analysis, permeability and X-ray 
diffraction pattern to obtain further 
information as to the cause of this 
behavior. 

For this basic study, seven differ- 
ent cementing compositions were ini- 
tially selected, with variations of 
these resulting in 15 actual test 
slurries. 

1. Retarded-type oil well cements 

—five brands. 

2. Retarded cements with ben- 

tonite. 

3. Portland cements (API Class 

A) with chemical retarder. 
4. Portland cements (API Class 
A) with bentonite and retarder. 

5. Portland cements (API Class 
A) with pozzolans (three 
types) and retarder. 

6. Pozzolan-lime compositions 

with and without retarder. 

7. Portland cements, with diato- 

maceous earth and retarder. 


After establishment of the time 
and temperature range over which 
the loss in strength occurred in these 
various compositions, a second series 
of tests was made on a more limited 
basis with selected additives. Here, 
the primary consideration was to 
determine the effects of different 
types of retarders and slurry weight 
increasing additives. The latter are 
very important in deep wells where 
it is desired to have the cement at or 
near the same weight as the drilling 
fluid in the hole at the time of ce- 
menting. The curing of high density 
cement slurries which contained dif- 
ferent chemical retarders was re- 
stricted to 14,000 and 16,000-ft well 
conditions, which generally cor- 
respond to temperatures of 290 and 
320° F along the Gulf Coast. 


DESCRIPTION OF TESTING 
PROCEDURES 


Preliminary tests were made to 
establish the thickening time of each 
of the compositions selected for study. 
Since the primary interests of these 
tests were in wells below 10,000 ft, 
pumpability measurements were made 
under casing cementing conditions 
from 12,000 to 16,000 ft (Table 1). 
When the pumpability exceeded 3 
hours, tests were discontinued since 
this is normally as long as actually 
needed to place the cement at these 
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depths. While a few of these basic 
compositions lacked the desired 3 
hours pumpability, compressive 
strength tests were made at higher 
temperatures to study the loss in 
strength. 


In studying the effects of retarded 
cement and weight materials, all of 
the compositions were designed to 
give a 3-hour pumpability by the 
addition of the necessary chemical 
retarders (Table 2). 


The curing of the long-range com- 
pressive strength specimens was in 
the standard 2 X 2 X 2-in. brass cube 
molds. Sufficient individual speci- 
mens were prepared to have dupli- 
cates of each cementing composition. 
In a few instances rechecks were 
made to observe the degree of re- 
producibility that could be obtained. 
Specially constructed autoclaves, 
which would hold eight of these 2-in. 
molds, were used for all tests (Fig. 
1). Water was used as the curing 
medium in the autoclaves which 


were submerged in oil baths and sub- 
jected to the temperatures of 200, 
2307260 290; and@3207k. All 
slurries were cured under 3,000 psi 
curing pressure, which had been 
found to give approximately the max- 
imum pressure effect on the strength 
of cements.’ The application of pres- 
sure and temperature was according 
to API Test Schedules* 5S, 6S, 7S, 
8S, and 9S. These maximum test 
pressures and temperatures were 
maintained until specimens were 
ready to be tested to destruction at 
ages of 1, 3, 7, 28, 60, 90, and 180 
days. 

X-ray diffraction patterns were 
made on all specimens of cements 
tested under different curing condi- 
tions to study changes in the chem- 
ical composition of the set cement. 
Chemical analysis, fineness tests, and 
permeability determinations were also 
made to study the inter-relation, if 
any, of these factors with loss in 
strength (Tables 3 and 4). 


TABLE 1—THICKENING TIMES OF CEMENTING COMPOSITIONS 


(Time — Hours:Minutes) 


Well Depth (ft)* 
290 320 


Slurry Static temp. (°F) 260 
Water Weight Cementing temp. (°F) VZ2. 206 248 
Composition gal/sk _Ib/gal (12,000) (14,000) (16,000) 
1. Retarded Cement A 4.50 16.25 3:00+ 3:00+ 1:38 
2. Retarded Cement B 4.50 16.25 3:00+ 3:00 1:45 
3. Retarded Cement C 4.50 16.25 3:00+ 3:02 1:42 
4. Retarded Cement D 4.50 16.25 3:00+ 3:08 1:40 
5. Retarded Cement E 4.50 16.25 3:00+ 2:50 1:33 
6. Retarded Cement D— 
4 Per cent Gel 5:9 3:00+ 3:00+ 1:45 
7. API Class A Cement — 
0.5 Per cent Lignin Retarder 5.20 15.60 3:00+ 2:19 1:29 
8. API Class A Cement—0.7 
Per cent Lignin Retarder— 
12 Per cent Gel 12.30 12.60 3:00+ 2:50 2:11 
9. API Class A Cement— 
Pozzolan X—0O.5 Per cent 
Lignin Retarder 14.15 3:00+ 3:00+ 2:06 
10. API Class A Cement— 
Pozzolan Y—0O.5 Per cent 
Lignin Retarder 5.34 15.00 3:00+ 3:00+ 2:30 
11. API Class A Cement— 
Pozzolan Z—O.5 Per cent 
Lignin Retarder 5.70 14.20 3:00+ 3:00+ 2:44 
12. Pozzolan X— 
15 Per cent Hydrated Lime 4.55 14.40 3:00+ 1:52 1:13 
13. Pozzolan X— 
15 Per cent Hydrated Lime 
0.5 Per cent Lignin Retarder 4.55 14.40 3:00+ 3:00+ 2:29 
14. Pozzolan Y— 
15 Per cent Hydrated Lime 4.75 15.20 2:31 1:42 1:01 
15. API Class A Cement— 
0.7 Per cent CMHEC Retarder 
t Diat 
13.50 12.40 3:00+ 3:00+ 2:02 
*API| RP 10B Casing Schedules 
TABLE 2—THICKENING TIMES OF CEMENTING COMPOSITIONS WITH 
WEIGHT MATERIAL AND RETARDERS 
(Time—Hours:Minutes) 
Well Depth (ft)* 
Slurry Static temp. (°F) 290 320 
V/ater Weight Cementing temp. (°F) 206 248 
Composition gal/sk Ib/gal (14,000) (16,000) 
1. Retarded Cement D 4.50 16.3 3:08 1:40 
2. Retarded Cement D—Barite— 
Lignin Retorder 5.80 18.0 3:00+ 3:00+ 
3. Retarded Cement D—Barite— 
CMHEC Retarder 5.80 18.0 3:00+ 3:00+ 
4. Retarded Cement D—II!menite Ore— 
Lignin Retarder 3.10 9*% 3:00+ 3:00+ 
5. Retarded Cement D—lIlmenite Ore— 
CMHEC Retarder 5.10 18.0 3:00+ 3:00+ 
6. Pozzolan X—Lime—Barite— 
Lignin Retarder 7.56 18.0 3:00+ 3:00+ 
7. Pozzolan X—Lime—lIlmenite Ore— 
Lignin Retarder 4.55 18.0 3:00+ 3:00+ 


*API| RP 10B Casing Schedules. 


**A reduction of water was necessary since the added retarder gave a low viscosity. For a proper 
viscosity (10-15 poises), only 3.1 gal of mixing wafer was required for the cement. 
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Fic. 1—Curtine Vessets AND Usep 
to Cure Cement UNDER 
DIFFERENT TEMPERATURES AND PRESSURES. 


In the selection of the test com- 
positions, five brands of retarded API 
Classes E and Fcements were chosen 
from various manufacturers through- 
out the U. S. All were tested with 
the recommended 4.5 gal of water 
which corresponds to a 16.2 Ib/gal 
slurry weight. 

To observe the effects of bentonite 
in cement at these high temperatures, 
tests were made with retarded ce- 
ment, API Class A cement, and an 
API Class B cement, all of which 
contained various percentages of gel. 
Pozzolans were also included in these 
studies, with tests being made on 
three different types blended indi- 
vidually with Class A portland ce- 
ment in equal proportions by abso- 
lute volume. One of these was a 
fly-ash-type pozzolan, while the other 
two were of natural origin. Two per 
cent bentonite plus the necessary 
amount of retarder to allow the 
proper thickening time was blended 
with each of the three pozzolan- 
cement compositions. 

For extremely deep well cement- 
ing, blends of pozzolans and hydrated 
lime have been used frequently. To 
study these compositions, a natural 


and a fly-ash-type pozzolan were se- 
lected from two different origins and 
blended with approximately 15 per 
cent hydrated lime. Data were ob- 
tained with and without chemical 
retarders to determine how they 
compared with the strengths of other 
materials at these high temperatures. 
To complete the 15 basic materials, 
a blend of Class A portland cement 
with 20 per cent diatomaceous earth 
plus a chemical retarder was in- 
cluded. 

In studying the differences in re- 
tarders and heavy weight additives, 
two each of the more common mate- 
rials used for these purposes were 
evaluated. 


A lignin compound and CMHEC 
(carboxymethyi hydroxyethyl cellu- 
lose) were selected for comparison 
of retarders under high temperatures 
while a regular grind of drilling mud 
barite and a uniform particle grada- 
tion of an illmenite ore were com- 
pared as weight materials for high 
density cements. 


DATA AND RESULTS 


THICKENING TIMES 


Each of the compositions studied 
was tested to determine what place- 
ment time could be expected under 
the various test conditions. Test data 
in Tables 1 and 2 illustrate the 
various thickening time values which 
were obtained under depth and tem- 
perature conditions ranging from 
12,000 to 16,000 ft and 260 to 
320° F, respectively. At 14,000 and 
16,000 ft there was a considerable 
variation in the thickening times of 
the 15 basic compositions; however, 
all were tested for strength over the 
entire temperature range. This varia- 
tion in pumpability was particularly 
true at 16,000 ft, where some com- 
positions lack the necessary pumpa- 
bility for placement and only five 
had a thickening time of over 2 
hours without the addition of extra 
retarder. 


COMPRESSIVE STRENGTHS 


A composite summary of all the 
test data on the 15 basic composi- 


tions is presented in the bar graph 
of Fig. 2. Here the respective 
strengths are shown on each compo- 
sition at temperatures of 200, 230, 
260, 290, and 320°F. Strength values 
represented by the bar graphs are 
shown for 1, 3, 7, 28, 60, and 90 
days for each temperature condition 
of curing, except at 230° F where 
the 90-day values were not obtained. 
Tables 5 and 6 show the tabulated 
strengths of these 15 compositions 
after 1 day and 90 days of curing. 

Most cementing compositions 
reached their maximum strength at 
200° F in three to seven days, and 
showed very little change after cur- 
ing for periods up to 180 days, with 
the exception of pozzolanic cements. 
With these materials the setting proc- 
ess is slower and the strength con- 
tinued to increase even after 90 
days of curing. 

At 230° F the element of retro- 
gression in strength was observed in 
some cementing compositions and 
became more pronounced at higher 
temperatures. Those compositions 
which contained pozzolans, portland 
cement and retarder continued to 
increase slowly in strength to 260° F, 
then began to retrogress at 290 and 
320° F. The pozzolan-lime composi- 
tions, both with and without re- 
tarder, showed no evidence of loss 
in strength at any temperature and 


continued to increase slowly beyond | 


90 days. In those tests conducted for 
180 days, this same increase in 
strength was noted. 


This retrogression factor seems to 
depend on time and temperature in 
those cementing compositions where 
it occurs. The major loss in strength 
seems to take place with or without 
additives in the first 28 days with 
only minor changes beyond this time. 
At 290° F and above, this loss ap- 
pears to take place in the first seven 
days. 

Some of the compositions tested 
showed only moderate loss in 
strength, while in others this loss 
was very great. A few cementing 
materials were unaffected and actual- 
ly gained in strength at the higher 
temperatures. A more specific break- 


TABLE 3—CHEMICAL ANALYSIS 


Clinker Compositi 

sition nalysi 

Oxide Analysis Loss Free Basis Per 

omposition Fe203 CaO MgO SO3 Lol C3S CoS C4AF CsA. CaSOx MgO” Passing 325 Cm2/Gm 

1. Retarded Cement A 22.8 4.5 "64.2 89.0 1732 

6. API Class A Cement 22.2 2.8 ~ Ao NO 91.9 177 

*Blaine 
**As Iron and Aluminum® Oxide 
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down of these results is illustrated in 
Fig. 3 and is as follows. 


RETARDED CEMENTS 


Each of the five brands of retarded 
cements gained in strength for its 
first three days and showed very little 
change at 200° F for periods up to 
six months. The average strength of 
all five cements was approximately 
9,000 psi. 

At 260° F a gain in strength was 
noted for the first seven days, then 
retrogression became pronounced. 
This loss continued for periods up to 
90 days, where a leveling-off oc- 
curred. In most instances, this loss 
was not as serious as at higher cur- 
ing conditions. 

At 290 and 320° F, each of the 
five brands of cement began to retro- 


gress after 24 hours, attained a max- 
imum strength loss and showed little 
change after 90 days of curing. The 
average strength at 290° F in 90 days 
was 2,650 psi, while at 320° F this 
average dropped to 2,045 psi. 

These latter values represent a 
loss of 77 per cent of the one-day 
strength. 

The addition of a lignin retarder 
to common portland cement produced 
results almost identical to the five 
retarded brands of cement tested. 
This represents a good comparison 
between these two types of cements, 
which have a wide variation in chem- 
ical compositions. 


PORTLAND CEMENT 
WITH POZZOLANS 


The addition of 50 per cent pozzo- 


TABLE 4—PERMEABILITY OF SET CEMENT—MD 


CURING TIME — DAYS 


lan by absolute volume to an API 
Class A cement with sufficient re- 
tarder to allow placement in wells to 
14,000 ft produced results similar 
to retarded cements. With the three 
types of pozzolans tested with port- 
land cement and 2 per cent benton- 
ite, the percentage loss was not as 
great as with retarded cement. It is 
possible that this loss was partly due 
to the presence of bentonite rather 
than to the nature of the pozzolan 
cement, although no data are pre- 
sented without the presence of ben- 
tonite. Portland cement with pozzo- 
lans plus 2 per cent bentonite aver- 
aged about 2,500 psi compressive 
strength at 320°F in 90 days, which 
was somewhat higher than the aver- 
age for the retarded cement. 


BENTONITE 


- The effects of bentonite on the 
retrogression of strength were evalu- 


290°F 320°F ae ated with one brand of retarded ce- 
Composition 7 14 3 7 1 I i 
Composition a cement, and 
1. Retarded Cement D 0.0241 0.0116 0.0178 0.0967 8.0537 —_— ment, an AP C SS A 2 
2. Retarded Cement D—4 Per cent Gel 0.1285 0.0482 0.0409 0.3503 23.3190 21.0937 an API Class B cement. The pres- 
3. API Class A Cement — 0.7 Per cent i 
Lignin Retarder—12 Per cent Gel 0.4113 0.1827 0.1398 0.7282 12.4322 = -ence of a aim ees more 
4. API Class A Cement—Pozzolan X—0.5 ronounce Oss in stren an an 
Per cent Lignin Retarder 0.0003 0.0061 0.0075 0.0028 0.0207 0.0290 P at: & ne t y 
5. API Class A Cement—Pozzolan Y—0.5 Per cent Wt ro other single additive except diatoma- 
Lignin Retarder 0.0021 -001 
6. Pozzolan X—15 Per cent Hydrated Lime—O.5 ceous earth. t 
0.0087 0.0038 0.0007 0.0103 0.0182 0.0019 Bentonite had an extremely detri- 
. Retarde ement D—Il!|menite Ore— 
Lignin Retarder 0.0019 0.0030 0.0041 0.0392 8.9846 _ — mental effect on the strength of ce- 
8. API Class A Cement—0.7 Per cent CMHEC ° 
Retarder-—20 Per cent Diatomaceous Earth 0.1065 0.0344 0.0453 0.0060 0.0548 0.0522 ments at temperatures above 230° F. 
Ni 
STRENGTH TIME 
(PSI DAYS) 
200 °F 230 °F 260 °F 
= 
RETARDED CEMENT “C ==) SSS t 
0.5% LIGNIN RETARDER 
0.5% LIGNIN RETARDER | 
0.5% LIGNIN’ RETARDER 
15% HYDRATED LIME i 
= = B 


COMPRESSIVE STRENGTH (PSI = READING X 1000) 
Fic. 2--SuMMARY OF THE COMPRESSIVE STRENGTHS AT ELEvATED TEMPERATURES AND PRESSURE. 
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At 260° F one brand of retarded 
cement with 4 per cent bentonite had 
dropped from about 7,000 psi in one 
day to aproximately 1,000 psi in 90 
days. At 290 and 320° F this loss 
was much more rapid and had re- 
duced the strength to about 500 psi 
with this same cement. Data not 
included herein indicated this same 
behavior in other brands of retarded 
cements. 

With percentages of bentonite 
greater than 4 per cent in portland 
cement, the loss of strength was more 
rapid and of a greater magnitude. 
Eight per cent bentonite produced a 
greater loss in strength at 260° F 
in retarded cement than did 4 per 
cent. 


Retrogression of portland cement, 
which contained high percentages of 
bentonite plus a lignin dispersant and 
retarder, was more severe than with 
retarded cement. At temperatures of 
260° F and above, this type of ce- 
menting composition had lost almost 
its entire strength in 28 days, with 
values of less than 50 psi. While 
260° F is generally the upper tem- 
perature limit for high percentages of 
bentonite in cement, it did become 
apparent that bentonite was signifi- 
cantly detrimental to the strength of 
cements at high temperatures. 


POZZOLAN-LIME 
COMPOSITIONS 

This composition was the only one 
of those studied that actually showed 
no evidence of strength loss at high 
temperatures and extended periods 
of time. The early strength gain was 
not as great in these compositions as 
with retarded cements, but at higher 
temperature the 28 to 90-day 
strengths were appreciably higher 
than for any of the other evaluated 
compositions. Comparing the two 
tested pozzolans, fly ash and natural 
pozzolan, there seemed to be little 
difference in strength at lower tem- 
peratures. At higher temperatures 
the natural pozzolan showed an ex- 
tremely high bonding effect to the 
brass curing molds. In removing these 
specimens at 290 and 320° F after 
curing at 7, 28, and 90 days, a 
breakage occurred in the specimen 
and the strength values shown are 
not representative of the actual 
strength of the material. 


HEAvY WEIGHT ADDITIVE 


Limited data were obtained to 
study effects of two different types 
of heavy weight additives. Regular 
drilling mud barite and a special 
grade of illmenite ore were com- 
pared in retarded cements and pozzo- 
lan-lime compositions at 290 and 


TABLE 5—24 HOUR COMPRESSIVE STRENGTH—PSI 
(Pressure—3,000 psi) 


Composition 
. Retarded Cement A 
. Retarded Cement B 
. Retarded Cement C 
. Retarded Cement D 
. Retarded Cement E 
Retarded Cement D—4 Per cent Gel 


. API Class A Cement — 0.7 Per cent Lignin 
Retarder — 12 Per cent Gel 


. API Class A Cement — Pozzolan Y — 
0.5 Per cent Lignin Retarder 
11. API Class A Cement — Pozzolan Z — 
0.5 Per cent Lignin Retarder 
12. Pozzolan X —15 Per cent Hydrated Lime 
13. Pozzolan X — 15 Per cent Hydrated Lime 
0.5 Per cent Lignin Retarder 
14. Pozzolan Y—15 Per cent Hydrated Lime 


CURING TEMPERATURE — °F 
200 230 260 290 320 


API Class A Cement —0.5 Per cent Lignin Retarder 5,425 5,700 6,650 3,050 2,885 


. API Class A Cement—Pozzolan X—0.5 Per cent Lignin Retarder 2,195 2,500 2,775 4,500 3,910 


15. API Class A Cement — 0.7 Per cent CMHEC Retarder — 


20 Per cent Diatomaceous Earth 


TABLE 6—90 DAY COMPRESSIVE STRENGTH — PSI 
(Pressure — 3,000 psi) 


Composition 
. Retarded Cement A 


CURING TEMPERATURE — °F 
200 260 290 320 


1 
2. Retarded Cement B 9,100 4,485 1,750 2,445 
3. Retarded Cement C 9,250 3,410 2,230 1,590 
4, Retarded Cement D 9,200 7,010 2,625 2,145 
5. Retarded Cement E F150 5375 3,910 2,045 
6. Retarded Cement D— 4 Per cent Gel 5,200 1,100 410 695 
7. API Class A Cement — 0.5 Per cent Lignin Retarder 8,100 1,300 1,695 1,950 
8. API Class A Cement — 0.7 Per cent Lignin 

Retarder — 12 Per cent Gel 1,300 40 50 65 
9. API Class A Cement — Pozzolan X-0.5 Per cent Lignin Retarder 5,100 9,000 1,875 2,010 
10. API Class A Cement — Pozzolan Y-0.5 Per cent Lignin Retarder 5,800 1,950 1,990 2,035 
11. API Class A Cement — Pozzolan Z-0.5 Per cent Lignin Retarder 5,000 500* 1,985 2,265 
12. Pozzolan X—15 Per cent Hydrated Lime 3,800 5,000 4,000 6,735 
ue 35 Pozzolan X — 15 Per cent Hydrated Lime 0.5 Per cent ‘ 

Lignin Retarder 4,000 5,100 3,740 5,010 
14. Pozzolan Y—15 Per cent Hydrated Lime 4,200 4,100 1,500* 2,100* 
15. API Class A Cement — 0.7 Per cent CMHEC Retarder — : i 

20 Per cent Diatomaceous Earth 600 400 410 50 


*Specimen bonded to mold and broke during removal 
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320° F, since this was the tempera- 
ture at which the loss in strength 
became most critical. There seemed 
to be no appreciable loss in strength 
caused by the addition of either of 
these materials. The use of barite 
produced much lower strengths in 
both compositions, but this was prob- 
ably due to higher quantities required 
to get the desired weight of 18 Ib/gal 
and the additional mixing water. To 
obtain a heavy weight slurry using 
the illmenite ore required very little 
material or added mixing water and 
as a result, produced higher strengths 
than barite in both retarded cements 
and pozzolan-lime compositions. 


CHEMICAL RETARDERS 


The two retarders, a lignin com- 
pound and CMHEC, were studied in 
combination with the heavy weight 
additives in pozzolan-lime slurries 
and in one brand of retarded cement. 
A comparison between these seems 
to show very little effect on retro- 
gression in strength; however, the 
higher water requirements for 
CMHEC produced somewhat lower 
strengths. The lignin retarder actual- 
ly dispersed the slurries and required 
less water to obtain the same initial 
slurry viscosity. 


DIATOMACEOUS EARTH 


In the one composition tested with 
portland cement containing 20 per 
cent diatomaceous earth plus CMHEC 
retarder, a rather severe strength loss 
occurred at temperatures above 
230° F. The actual values were very 
similar to the results with 12 per 
cent bentonite in common portland. 


X-Ray DIFFRACTION STUDIES 


After making strength tests, pat- 
terms were run on set samples of the 
hydration compounds formed with 
time and temperature. As retrogres- 
sion in strength occurred, various 
compounds were detected by this 
analysis. In those cements where 
retrogression appeared to be the 
greatest a particular compound was 
detected and identified as dicalcium 
silicate alpha hydrate. Literature ref- 
erences by other investigators’ indi- 
cate this compound has no cementi- 
tious value and would explain pos- 
sible causes for loss in strength as 
noted. Additional work is being con- 
ducted on this phase and will possibly 
be presented at a later date. 


PERMEABILITY 


The permeability of the set cement 
to water at different time intervals 
at 290 and 320° F are presented in 
Table 4. These conditions were 
selected since this is the temperature 
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| 
| 
q 
5,765. 8,500. 5.710" *5;500- “4,710 
4,700 7,000. 5,700 5,000 4,690 
5,465 7,100 5,760 6,200 4,475 
7,490 9,400 7,150 6,000 5,140 
8,050 7,800 6,675 6,700 6,850 
3,815 4,400 3,930 3,750 3,325 
2,850 2,900 2,610 3,400 2,710 
8,250 3,050 375300 3,075 
2,450 3,000 3,950 3,600 4,110 
2,865 3,800 3,435 3,700 3,075 
1,950 2,400 1,180 900 73> ' 
880 1,000 1,295 1,100~- 1,025 


range where strength retrogression 
appears to be the most severe. All 
measurements were found to be less 
than 1 md with a few exceptions. At 
290° F the permeabilities were lower 
for the same time interval than at 
320° F. The retarded cement with 
or without bentonite increased rapid- 
ly between these two temperatures 
and had the highest values at 320° F 
of all compositions tested. Portland 


BENTONITE 


| 
CURING TIMES — 1, 3,7, 28 DAYS 2 
260°F 320°F 50 


RETARDED 


Composition 
Retarded cement (ave. 5 brands) 
Retarded cement plus 4 per cent gel 
Pozzolan-portland cement-retarder 
Portland Cement 12 per cent gel-retarder 
Pozzolan-lime-retarder 
Portland-diatomaceous earth-retarder 


Effect of Average compressive 

temperature strength — 180 days 
on strength 200°F 260°F 320°F 
Loss 9200 5400 2040 
Loss 5200 965 600 
Loss 5300 5400 2100 
Loss 1120 40 65 
Gain 4000 4800 4700 
Loss 800 400 50 


cement with 12 per cent bentonite 
was fairly soft and the packing effect 
at the time of testing may not give 
a comparative permeability to the 


LEGEND 


STRENGTH 
(PS!) 


TIME 
(DAYS) 


CEMENT 'D' 


RETARDED CEMENT ‘D' 
WITH 4% GEL 


RETARDED CEMENT ‘D' 
WITH 8% GEL 


WITH 12% GEL 


API CLASS B 
WITH 4% GEL 


API CLASS B 
WITH 8% GEL 


API GLASS B 
WITH 12% GEL 


= 
RETARDED CEMENT 'D' 


T T T ij 


<9 


10 


POZZOLANS 


CURING 
290°F 


API CLASS A-—POZZOLAN ‘x’ 
WITH LIGNIN RETARDER 


API CLASS A—POZZOLAN 
WITH LIGNIN RETARDER 


AP|.CLASS A-POZZOLAN ‘Z' 
WITH LIGNIN RETARDER 


TIMES — 1, 3, 


7, 28, 90 DA\S 


POZZOLAN-LIME COMPOSITIONS 


CURING TIMES — |, 3, 7, 
290°F 


POZZOLAN ‘Xx’ 
WITH HYDRATED LIME 


POZZOLAN ‘X' WITH HYDRATED 
LIME AND LIGNIN RETARDER 


POZZOLAN ‘Y' 
WITH HYDRATED LIME 


28, 90 DAYS 


* SAMPLES BONDED TO MOLDS 
AND WERE BROKEN IN REMOVAL 


= 


T T T 


WEIGHT MATERIALS 


T T T T T 


T T T 


T 


AND RETARDERS 


CURING TIMES — |, 
290 °F 
RETARDED CEMENT 'D' 


ILLMENITE ORE 
CMHEG RETARDER 


7, 28 DAYS 
320 °F 


RETARDED CEMENT 'D' 


ILLMENITE ORE 


LIGNIN RETARDER 
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LIME —ILLMENITE ORE 
LIGNIN RETARDER 


RETARDED CEMENT 'D' 
BARITE - CMHEC RETARDER 
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other compositions. Pozzolan-lime 
compositions produced the lowest 
permeability values of all those 
studied. In general, the permeabilities 
of the set cement decreased as the 
strength of the cement increased and 
where retrogression was the greatest 
corresponding permeabilities were 
noted. 


CONCLUSIONS 


1. Loss in strength occurs in many 

of the cementing compositions used 
_in high temperature wells. The criti- 
cal temperature range appears to be- 
gin at 230°F while the more severe 
range seems to be at temperatures 
above 260°F. As the temperature in- 
creases above 260°F this retrogres- 
sion phenomenon progresses more 
rapidly. In general, very little retro- 
gression in strength was noted be- 
tween 7- and 90-day strengths at 290 
and 320°F. 

2. All five of the retarded cements 
showed only slight deviation in 
strength between brands. The pres- 
ence of certain additives in some ce- 
menting compositions produces se- 
vere retrogression effects, while 
some have very little or no effect on 
either retarded cements or pozzolan- 
lime compositions. A summary of 
180-day strength values of the 15 
basic compositions at three tempera- 
tures are shown in the table above. 

3. While the strength of many of 
those compositions which showed 
retrogression are thought to be ade- 
quate for oil well cementing, it 1s 
possible that some of the many vari- 
able factors, such as mud contam- 
ination during the placement of ce- 
ment slurry in a well, could produce 
a weakened set cement which would 
be much more susceptible to high 
temperature retrogression. 

4. Test data with the two weight 
materials, barite and illmenite, show 
no serious evidence of strength ret- 
rogression in 28 days at 290 or 
320°F as a result solely of the ma- 
terial itself. 

5. Two of the more commonly 
used retarders do not appear to be 
affected by the high temperature 
strength loss. 

6. The ratio of solids to the 
amount of mixing water appears to 
be a factor in affecting the strength 
of cements at high temperatures. For 
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example, two of the highest water- 
requiring additives, bentonite and 
diatomaceous earth, produced the 
greatest loss in strength. 


7. There appears to be no correla- 
tion between the type of cement, 
chemical analysis, fineness or pump- 
ability on the loss in strength. 


8. X-ray diffraction studies detect 
the formation of a compound (dical- 
cium silicate alpha hydrate) which 
has little or no strength properties 
in those compositions where the se- 
verest loss in strength occurs. 


9. Permeabilities of the set cement 
followed a similar trend to the com- 
pressive strength and were the 
greatest where retrogression was the 
severest. Those compositions having 


The presentation of this paper is 
apt to cause some confusion and 
anxiety about the effectiveness of 
certain cementing compositions in 
oil and gas wells, especially in con- 
nection with the use of bentonite in 
portland cements. It seems advisable, 
therefore, to offer a few comments 
about the proper use of bentonite in 
portland cements. 

To begin, let me express appre- 
ciation to the authors for the exten- 
sive results presented in their paper. 
Their paper contains more labora- 
tory data on several cementing com- 
positions than have been published 
previously, but the information in 
the paper is not new. In addition 
to references cited, Dumbauld and 
Morgan presented in 1953 a limited 
amount of strength data on cements 
containing bentonite cured at tem- 
peratures ranging from 100 to 320° 
F. These early results and the data 
presented today are in fairly good 
agreement despite the fact that Car- 
ter and Smith used considerably 
more water in the cement containing 
12 per cent bentonite and 0.7 per 
cent lignin retarder than we did, and, 
more water than we consider to be 
realistic for this composition. 

To remove any possible misunder- 
standing about what we consider to 
be the proper use of bentonite in 
cements, the following is from the 
paper, “Recent Developments in the 
Use of Bentonite in Cements,” 
which was published in Drilling and 
Production Practice, API (1953). 
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the greatest strengths likewise pro- 
duced the lowest permeability. 
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“Laboratory data and extensive 
field experience show that the 
properties of cements containing 
bentonite are satisfactory for use 
in wells with formation tempera- 
tures ranging from about 100 to 
250° F. Cements containing 8 to 
12 per cent bentonite have been 
used successfully in several thou- 
sand wells during the past four 
years.” 

To conclude, we wish to emphasize 
three points: 

1. The data in the present paper 
and those published four years ago 
on the strength properties of benton- 
ite-containing cements are in fairly 
good agreement. Accordingly, no 
change is needed in the existing 
recommendations for the proper use 
of bentonite in cements. 

2. Bentonite-containing cements 
possess satisfactory properties for 
both the primary cementing and the 
squeeze cementing of wells with for- 
mation temperatures in the range of 
about 100 to 250°F. 

3. Bentonite cements may not pos- 
sess satisfactory set properties for 
the primary cementing of casing in 
wells having formation temperatures 
in excess of about 250°F; therefore. 
bentonite should not be added to ce- 
ments to be used in primary cement- 
ing operations in deep, high-tempera- 
ture wells. In squeeze-cementing op- 
erations it is likely that satisfactory 
set properties are obtained with ben- 
tonite-containing cements in wells 
having temperatures somewhat in ex- 
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cess of 250° F, because much of the 
water is apt to be filtered from the 
cement slurries before they set. It 
seems logical, however, to avoid the 


use of bentonite-containing cements 
at well temperatures above about 
250° F in both primary and squeeze- 
cementing operations if other ce- 


menting compositions are available 
which possess the desired filtration 
rate, thickening time, and set prop- 
erties. 


AUTHORS’ REPLY to B. E. MORGAN 


These comments on the use of 
bentonite in cements are certainly 
appreciated. Morgan is correct in 
stating that the retrogression be- 
havior in bentonite cements is not 
new, yet we know of no prior long- 
term strength data as shown herein. 
We also feel that the effects of the 
other admixtures on the strength of 
cements are new to the industry, as 
some of them have only been avail- 
able for deep well cementing a short 
period of time. 
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Actually this paper is a continua- 
tion of the work by C. D. Saunders 
and W. A. Walker on the “Strengths 
of Oil Well Cements and Additives 
Under High Temperatures” pre- 
sented at the AIME Fall Meeting in 
San Antonio, Tex., in 1954. Their 
paper was presented as a progress 
report with no definite conclusions 
being made until further testing 
could be completed. 

As pointed out in the introduction, 
other data have been published but 


these investigations were limited in 
the curing time or the number and 
type of compositions tested. Since 
many cementing compositions have 
shown a tendency to lose their 
strength at high temperatures, it was 
the intention of this paper to obtain 
data with all types of cementing com- 
positions over long periods of time 
to show what actual strength values 
would be expected and to give rea- 


_sons for the cause of this behavior. 
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Process Variables of In Situ Combustion 


ASB 


This paper describes the results of 
a laboratory investigation conducted 
to obtain data for an evaluation of 
the in situ combustion process as 
a method of producing crude oil 
from reservoirs. Air and fuel re- 
quirements, rates of advance, com- 
bustion temperatures, and coke and 
fluid distributions are presented. The 
mechanism of oil recovery by in situ 
combustion is discussed. 

Five crude oils ranging in gravity 
from 10.9 to 34.2° API were pro- 
duced from a semiadiabatic, uncon- 
solidated sand pack by in situ com- 
bustion. Experimental conditions 
were varied over a wide range in or- 
der to determine the inter-relation- 
ships of process variables. The mini- 
mum air flux requirement for self- 
sustained combustion was found to 
be less than 10 scf/hr-ft?. The rate 
of advance of a self-sustained com- 
bustion zone was found to be nearly 
proportional to the air flux at the 
combustion front. 

The effects of pressure and in- 
jected air flux were studied in a 
series of experiments using a 21.2° 
API crude. A minimum air require- 
ment was observed at an air flux of 
20 scf/hr-ft’. The oil saturation con- 
sumed as fuel averaged 5.5 per cent 
of pore volume. The effect of air 
pressure was found to be small for 
experiments having high combustion 
efficiencies. 

This study should promote a bet- 
ter understanding of the problems 
and mechanisms involved in labora- 
tory investigations and field applica- 
tions of the in situ combustion pro- 
cess. The data presented will be use- 


Original manuscript received in Society of 
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Revised manuscript received Dec, 380, 1957. 
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ing of Society of Petroleum Engineers in 
Dallas, Tex., Oct. 6-9, 1957. 
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ful in the interpretation of results of 
field tests. When tempered with volu- 
metric sweep efficiencies, the data 
can be used in making preliminary 
economic appraisals of the process 
as applied to reservoirs containing 
high porosity unconsolidated media. 


INTRODUCTION 


The purpose of this work was to 
obtain laboratory data for an evalua- 
tion of the in situ combustion pro- 
cess as a method of producing crude 
oil from reservoirs. 

In situ combustion basically con- 
sists of (1) injecting air into a reser- 
voir through selected input wells to 
create an air sweep through the res- 
ervoir, (2) igniting the crude at the 
injection well, and (3) propagating 
the combustion front through the 
reservoir by continued air injection. 
By this means, oil is swept toward 
producing wells in the area. The fuel 
for combustion is supplied by heavy 
residual material (coke) which has 
been deposited on the sand grains 
during distillation and cracking of 
the crude oil ahead of the combus- 
tion front. 

Recovery of petroleum by a com- 
bustion or heat wave process is not 
a new idea. F. A. Howard was 
granted a patent in 1923 on a pro- 
cess in which air and a combustible 
gas were pumped into an injection 
well and ignited.’ Russian engineers 
reported on field experiments with a 
crude oil gasification process in 
1935*. Other known early field tests 
include those conducted near Bar- 
tlesville and Ardmore, Okla., in 
1942.* More recently completed field 
tests include an inverted seven-spot 
by Sinclair Oil Co. in the Delaware- 
Childers field, Nowata County, 
Okla.*; a three-well and an inverted 


‘References given at end of paper. 
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five-spot test by Magnolia Petroleum 
Co. in Jefferson County, Okla.”*; and 
a test by California Research Corp. 
in the Irvine-Furnace field in Ken- 
tucky. The Worthington Corp. has 
completed a test in cooperation with 
the Forest Oil Corp. in Clark Coun- 

Several field tests are now in prog- 
ress. Sinclair has acquired a 600- 
acre lease in the Humboldt-Chanute 
field, Allen County, Kans., and is 
under way with a large-scale opera- 
tion. Three field tests are under way 
in California. The General Petroleum 
Corp. is conducting an inverted five- 
spot pattern test in the South Bel- 
ridge field in Kern County under a 
cooperative agreement with 11 other 
companies, including Continental Oil 
Co. California Research Corp. is 
conducting a four-well pattern test in 
Midway-Sunset field near Maricopa, 
and Richfield Oil Corp. is under way 
with a test in the Ojai field in Ven- 
tura County. 


Although the published informa- 
tion is valuable concerning results 
of field tests, little laboratory data 
other than that reported by Kuhn 
and Koch’® are available to aid in 
appraising the tests from a technical 
or economic standpoint. Engineering 
data needed to evaluate the process 
include the amount of air required 
per barrel of oil recovered, minimum 
injection rates which will support 
combustion, rates of advance, air re- 
quired per unit volume of reservoir 
cleaned, amount of oil recovered, and 
amount of oil consumed as fuel. The 
present laboratory investigation was 
undertaken to provide these data for 
that portion of the reservoir swept 
by the combustion zone. 


The first phase of this investiga- 
tion was exploratory in nature and 
was conducted at injection pressures 
less than 100 psig. Data were ob- 
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tained over a wide range of experi- 
mental conditions in an effort to ob- 
serve, qualitatively, the effect of some 
of the many variables that affect the 
in situ combustion process. At times 
several air flow rates were studied 
during a single experiment. During 
the second phase of the work, the ef- 
fects of pressure and injected air flux 
were studied by means of long-term, 
stabilized experiments conducted at 
constant inlet pressure and exit gas 
flow rate. 


DESCRIPTION OF APPARATUS 


The two phases of the experimen- 
tal work were conducted in two dis- 
crete, but basically similar, labora- 
tory apparatus. 

The simulated reservoirs consisted 
of vertical stainless steel tubes 
packed with unconsolidated sand and 
fitted with the necessary controlling 
and recording equipment. The first 
tube was 4 ft long and 4.85 in. in 
diameter with a wall thickness of 
1/16 in. A porous stainless steel 
plate at the bottom of the tube pre- 
vented sand production. Eleven ther- 
mocouples in wells spaced at 4-in. 
intervals were used to measure tem- 
peratures at the center of the sand 
pack. Eleven additional thermocou- 
ples were placed against the outside 
of the tube opposite the wells. A 
thermocouple at the top gave an in- 
dication of the ignitor temperature. 

The ignitor heater consisted of a 
coil of nichrome wire wound on a 
ceramic cone attached to the top of 
the apparatus. Five other heaters 
were wound around the tube so that 
the wall temperature of 8-in. inter- 
vals could be controlled by adjusting 
a Variac connected to each heater. 

Fig. 1 shows a schematic flow dia- 
gram of the second apparatus. It was 
basically similar to the first except 
that provision was made for experi- 
mentation at elevated pressures. The 
second tube was 6 ft long and 5%4 
in. in diameter with a wall thickness 
of 0.035 in. It was supported within 
a steel pressure jacket designed to 
withstand 1,000 psi. During an ex- 
periment, the pressure in the jacket 
was maintained equal to the injec- 
tion pressure in the pack. The pres- 
sure difference across the tube wall 
was limited to 100 psi. 

Sand pack temperatures were 
measured in a central 14-in. thermo- 
well with a thermocouple probe con- 
sisting of four thermocouples spaced 
at 4-in. intervals. The outside tube 
wall temperatures were measured 
with thermocouples placed at 4-in. 
intervals along the tube length. Six- 
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teen heaters were wound around the 
tube, each controlling the tube wall 
temperature of a 4-in. interval. 
Other details of the air supply and 
flow control and measuring sys- 


tems are included in the flow sheet ; 


(Fig. 1). 


DESCRIPTION OF MATERIALS 


The unconsolidated sand packs 
were prepared with Blackhawk E 
grade sand obtained from the Stand- 
ard Silica Corp., Ottawa, Ill., and 
used as received. The sand was 
packed to the same reference levels 
in the tubes by slowly pouring in 
sand from the top while vibrating 
the tube. The porosities resulting 
from this technique averaged 36 per 
cent. The permeability to air of the 
clean sand before and after burning 
was about 10 darcies. 

The five crude oils studied in the 
first phase of the investigation ranged 
in gravity from 10.9 to 34.2° API. 
ASTM distillation and viscosity data 
are shown in Table 1. The crude 
used during the second phase was 
the 21.2° API gravity crude de- 


scribed in Table 1. This crude had a 
carbon-hydrogen weight ratio of 7.23. 


EXPERIMENTAL PROCEDURE 


The tubes were charged with a 
known weight of sand which was 
packed to a definite volume as de- 
scribed. Frequently, a previously used 
pack was reused. After the gas per- 
meability was measured, the pack 
was evacuated and saturated with 
water. A known weight of crude was 
then flooded through the pack, and 
gas permeability was established with 
a gas drive at room temperature. 

The ignition procedure for the 
constant-flux experiments included 
an initial heating of the sand face 
during a nitrogen drive. This was 
continued until a temperature gradi- 
ent was established similar to those 
previously observed during combus- 
tion. Combustion actually began 
when the injected gas was changed 
from nitrogen to air. This ignition 
procedure decreased the tendency for 
liquid block formation and promoted 
early stabilization of the experiment. 

Pack temperatures were recorded 


TABLE 1—VISCOSITY AND ASTM DISTILLATION DATA 


10.9° 
Crude Type API 
Temperature, °F 
100 2,970 
210 
Volume Per Cent Distilled 
IBP 195 
5 232 
10 254 
15 424 
20 486 
25 535 
30 560 
35 584 
40 595 
45 607 
50 620 
55 630 
60 634 
628* 


5 
*Cracking temperature 


API API API API 
Viscosity, Centistokes 
2,590 113.7 13.1 9.50 
29.3 IPRA 3.28 2.69 
Boiling Point, °F 
214 270 145 149 
275 334 228 233 
334 405 290 274 
454 — 
498 492 414 369 
= 526 = 
6 552 520 47| 
(33%) 564* 
654* 
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continuously on a multipoint rec- 
order. The outside temperatures at 
all levels were maintained slightly 
less than the corresponding inside 
temperatures by manually adjusting 
the tube wall heater Variacs. This 
type of control provided semiadia- 
batic conditions with a slight radial 
heat loss to the surroundings. 
During the experiments, cumula- 
tive oil and water production, pres- 
sure drop across the pack, pressure 
at pack inlet, and the location of the 
combustion front were all plotted 
against cumulative run time so that 
a graphical picture of the progress 
of the run was available. Fig. 2 
shows most of these data for Run 15. 


es 


In general, correlations attempted 
with the short-term exploratory data 
showed trends in fair agreement with 
the data obtained in the second 
phase; however, correlations of the 
exploratory data have been omitted 
in favor of the more representative 
constant-flux data. Table 2 gives data 
from the exploratory phase of the 
investigation. Table 3 gives the initial 
fluid saturations, experimental con- 
ditions, and material balance data 
from the constant flux runs. Table 4 
gives process data obtained under 
stabilized combustion conditions dur- 
ing the constant flux runs. 


COMBUSTION FRONT ADVANCE 


Fig. 3 shows three successive tem- 
perature profiles of the sand-packed 
tube which were measured during 
Run 1. The first maximum on each 
of these curves is indicative of the 
location of a high temperature zone 
which accumulated while the ignitor 
was maintained at a high temperature 
and the air rate was low. The second 
maximum on each curve developed 
when the air injection rate was in- 
creased after the initial heating per- 
iod, The latter peaks were used to lo- 
cate the combustion front and meas- 
ure its rate of advance. 


Fig. 4 shows the location of the 
combustion front and the high tem- 
perature zone created by the ignitor 
heater as these two zones moved 
through the sand pack. It is evident 
from Figs. 3 and 4 that the rate of 
advance of the first zone is less than 
that of the combustion zone. Under 
the prevailing conditions, heat in the 
first zone moved more slowly by con- 
vection and conduction than the 
combustion front moved by the in 
situ generation of heat assisted by 
convection and conduction. 

Rates of advance of combustion 
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RUN NO I5 
CRUDE 21.2 *API 
30h _] PRESSURE 600 PSIG. 
AIR FLUX 31.8 SCF/HR-FT= z 
= 
---15000 
8 
=x a a 
ds 14000 
= 
w 
> 
3 10 2000 3 
700°F LEVEL | 2 
2 [AIR ON | 
| orive Ig 
{ 
ot 
=5 ° 5 15 20 25 30 35 40 45 
TIME FROM IGNITION , HOURS 
Fic. 2—ExperimentTaL Data, Run No. 15. 
TABLE 2—COMBUSTION DATA—EXPLORATORY EXPERIMENTS 
Saturation Average Approximate 
Crude Oil at Ignition, — Injection Combustion Rate of Oxygen 
Gravity, Per cent of Porosity Exit Flux Pressure, Temperature, Advance, to Carbon 
Run ° API Oil Water scf/hr — ft? psig oF ft/day scf/hr — ft® 
se 28.9 70.5 8.4 250 26 850 12.5 12.4 
2 28.9 56.6 O25 255 17 725 4.7 1.4 
3 28.9 52.7 131 21 750 3.5 
128 13 650 2.6 Ted 
4 10.9 63.2 8.7 75 90 1,000 5.0 10.1 
8.9 96 850 0.7 15 
23:2 96 850 2.8 3.5 
107 95 950 10.8 10.9 
5 18:3 TES 7.8 60.0 44 950 3.4 7.4 
Sane 26 850 2.6 3.8 
16.8 6 750 1.9 
6 18.3 66.0 15.6 18.3 34 800 itv? 2.6 
74.4 48 900 6.8 10.1 
if 18.3 44.1 20:2 23.2 18 825 73-5) 3.2 
38.6 10 850 So 4.0 
8 18.3 5325 18.4 70 825 2.8 
9.9 56 625 0.9 1.0 
9 34.2 47.6 15.5 20.1 8 750 2.4 25 
10 34.2 42.1 WAR? 18.6 65 750 25 ee? 
10.4 65 625 0.7 1.0 
ml 34.2 43.3 18.1 20.1 64 750 san 225 
20.6 64 625 0.8 Lie) 
12 22 75.0 10.7 21.5 27 800 2.8 2.8 


TABLE 3=-EXPERIMENTAL CONDITIONS AND MATERIAL BALANCE DATA—CONSTANT FLUX 


EXPERIMENTS — 21 


.2° API| CRUDE 


Run. 13 14 15 16 17 183 
Pressure at Combustion Front, psig 80 80 600 600 600 600 
Fluid Content at Ignition 
Grams of Oil 4,689 5,068 6,408 Sse 5,851 5,692 
Grams of Water 824 1,925 922 1,000 884 860 
Saturations at Ignition, Vol. per cent of Porosity 
Oil 52.3 56.6 76.2 61.0 69.6 67.7 
Water 9.0 19.7 10.0 10.9 9.6 9.4 
Oil Produced 
Wt. per cent of Charge at Ignition 86.6 90.2 92.2 90.4 89.9 — 
Vol. per cent of Porosity 45.3 50.9 70.5 S52 62.4 — 
Estimated Oil Burned 
Wt. per cent of Charge 10.6 9.32 8.54 10.2 8.52 _— 
Vol. per cent of Porosity 5.08 4.83 5.62 5.70 S29. _ 
Carbon-Hydrogen Ratio of Burned Residuum, Ib/Ib 9.02 9.0? 8.54 9.64 12.3 — 
Oil Material Balance Check, Wt. per cent 96.78 99.98 100.7 100.7 104.4 — 
1|nterrupted 
“Assumed 
’Based on assumed C/H ratio 
TABLE 4—PROCESS DATA—CONSTANT FLUX EXPERIMENTS—21.2° API CRUDE 
Run 13 14 15 16 AZ 18 
Injected Air Flux, scf/hr-ft? 29.5 29.7 he 
Produced Gas Flux, scf/hr-ft2 28.2 28.3 30.0 60.6 121 10.0 
Rate ot of the Combustion 
ront, ft/day 2.90 3.26 
Average Combustion Temperature, °F 825 00 775 
Average COs in Exit Gas, Vol. per cent 10.8 10.7 10.9 9.9 7.7 11.4 
Average CO in Exit Gas, Vol. per cent eh5?3 4.1 3.4 Sao 2.0 Bal 
Average OQ» in Exit Gas, Vol. per cent 3.3 2.2 1.9 3.9 8.6 1.0 
Carbon Burned, |b/100 Ib of sand cleaned 0.99 0.94 Tela 1223 1.10 1.24 
Residue Burned, Vol. per cent of porosity 5.08 4.81 5.69 6.23 5.49 6.42 
Consymed to Carbon Oxides, 
scf/hr-ft® 3.51 3.63 3.78 .0 é 
Total Oxygen Consumed, scf/hr-ft? 5.25 5.59 6.07 
to Carbon Oxides, 
scf/ft® of sand cleaned 29.1 26.7 29.8 3 A 
Total Oxygen Consumed, scf/ft® 
of sand cleaned 43.4 41.2 47.9 50.8 45.1 59.8 
Oxygen Consumed, per cent of oxygen injected 84.9 90.1 91.4 82.3 60.3 95.6 
Air Required, scf/Ft3 of sand cleaned 245 219 251 295 358 301 
Average Instantaneous GOR, scf/bbl 5,000 5,600 4,400 5,800 6,800 5,100 
Minimum Cumulative GOR, ‘scf/bbI 6,500 5,700 4,600 7,400 8,100 6,600 
Cumulative GOR at GOR=10,000, scf/bbI| 6,800 6,200 5,100 7,500 8,300 6,800 
Cumulative GOR at GOR=20,000, scf/bbI 7,200 6,700 5,400 7,800 9,000 7,200 
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fronts were obtained from slopes of 
plots similar to Fig. 4 and are pre- 
sented in Tables 2 and 4 along with 
corresponding combustion data. The 
exploratory data are representative of 
constant flux conditions of several 
hours’ duration, but usually more 
than one flux was investigated during 
an exploratory run. 

During the constant flux experi- 
ments, no sharp combustion peaks 
were observed because radial heat 
losses were better controlled and rates 
of advance were generally lower. In 
these experiments, the rate of ad- 
vance of the combustion front was 
obtained by following the progres- 
sion of a temperature level known to 
be representative of combustion con- 
ditions. 

Fig. 5 shows the effect of injected 
air flux on the rate of advance of the 
combustion front. It may be seen 
that the rate of advance increases al- 
most linearly with increasing flux 
above a flux of about 30 scf/hr-ft’. 
Below this flux of 30, the rate of ad- 
vance drops off rapidly with a de- 
crease in flux. The most efficient flux 
is indicated by the point of tangency 
at 20 scf/hr-ft* of a line through the 
origin. It is of interest that these 
more precise data substantiate the 
data obtained in the shorter time in- 
tervals during the exploratory work. 
The effect of pressure on the rate of 
advance appears to be small. It is 
also indicated that an increase in 
water saturation at low levels in- 
creases the rate of advance. 

Fig. 6 shows the linear relation- 
ship between the rate at which oxy- 
gen is consumed and the rate of ad- 
vance of the combustion front. The 
oxygen converted to carbon oxides 
was obtained from gas analysis data. 
The total oxygen consumed was cal- 
culated as the difference between the 
oxygen supplied and the free oxygen 
produced. It has been assumed that 
the oxygen not appearing in any 
form in the produced gases was re- 
acted to form water or oxygenated 
products, such as organic acids and 
alcohols. The presence of oxygenated 
compounds in the produced water 
was indicated by its color, odor, and 
low pH. 


COMBUSTION EFFICIENCY 

The percentage of the injected 
oxygen which is consumed in pass- 
ing through the front is a measure 
of the efficiency of the combustion 
process. This percentage is calculated 
by dividing the rate at which oxygen 
is consumed by the rate of oxygen 
injection. Fig. 7 shows the percentage 
consumed as a function of the in- 
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jected air flux during the runs with 
21.2° API crude. The combustion 
temperature for these runs ranged 
from 650 to 850°F with the average 
temperature about 800°F. This curve 
shows that the combustion efficiency 
increases as the flux is decreased for 
temperatures greater than 650°F. 


As seen in Fig. 7, the combustion 
efficiencies for the 80 psig runs were 
less than the efficiency for the 600 
psig run at the same air flux. This 
effect of pressure is due to decreased 
residence time and the kinetics of 
combustion. The effect of pressure 
on the kinetics of combustion be- 
comes even more important when 
combustion efficiencies are lower. 
The difference in efficiencies ob- 
served between the two 80 psig runs 
is attributed to water saturation. 


MINIMUM RaTE OF SELF- 
SUSTAINED COMBUSTION 


To maintain isothermal combus- 
tion in any situation, heat must be 
liberated by combustion at a rate 
equal to the net rate of heat loss to 
the surroundings. The data obtained 
in this investigation indicate that it 
is not possible to maintain stabilized, 
self-sustained combustion in sand 
packs by burning residual material at 
temperatures less than about 600°F 
due to the kinetics of combustion. 
Therefore, it is concluded that the 
minimum rate of self-sustained com- 
bustion for unconsolidated sand packs 
is that required to replace heat losses 
that occur at about 600°F. 

The minimum air flux in any given 
situation is that required to provide 
the minimum rate of self-sustained 
combustion. The minimum rate of 
advance of a self-sustained combus- 
tion front in any given situation is 
that resulting when air is supplied 
at the minimum flux. 


MINIMUM AIR FLUX 

No self-sustained combustion front 
was observed at air rates less than 9.0 
scf/hr-ft’. During Run 8, the air flux 
was deliberately reduced from 10 to 
4.0 scf/hr-ft’. The temperature of 
the combustion zone declined stead- 
ily from 625 to 400°F, and the con- 
centration of carbon oxides in the 
exit gases declined from 12.6 to 0.3 
per cent in 12 hours. It was apparent 
that the flux of 4 scf/hr-ft* was less 
than that required for self-sustained 
combustion. 


Combustion was re-established and 
maintained by adding a small amount 
of heat to the zone from the wall 
heaters. On raising the exit flux to 
10.4 scf/hr-ft?, combustion was ob- 
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served to be self-sustained at about 
625°F. 

An estimate of the minimum air 
flux required to support combustion 
in unconsolidated sand was calcu- 
lated from experimental temperature 
gradients by assuming (1) that 100 
per cent combustion efficiency was 
obtained, (2) that the controlling 
heat loss from the combustion zone 
was to the cooler sand just ahead, 
(3) that convective heat transfer was 
negligible, and (4) that the steady- 
state law of conduction would de- 
scribe the heat loss under conditions 
of constant advance, temperature, 
and flux. The minimum flux so cal- 
culated was 4.0 scf/hr-ft’. A value 
between 4 and 10 scf/hr-ft’ is be- 
lieved to be satisfactory for engineer- 
ing calculations involving the heavier 
crude oils in unconsolidated reser- 
voirs. 


MINIMUM RATES OF ADVANCE 


Experimental rates of advance as 
low as 0.7 ft/day with exit gas rates 
of 9 to 10 scf/hr-ft’ are listed in Table 
2. It is probable that even lower self- 
sustained rates could have been dem- 
onstrated with the improved ap- 
paratus. The combustion zone pro- 
gresses through an oil sand by burn- 
ing the residual material from the 
sand grains. The rate of advance of 
a combustion front is therefore in- 
versely proportional to the amount 
of residual material laid down by 
the crude if the air flux and the rate 
of combustion remain constant. The 
minimum rate of advance is fixed by 
the amount of residual fuel that must 
be removed at the minimum air flux. 


Calculations show that roughly 0.6 
Ib of residuum must be burned to 
raise the temperature of 100 lb of 
sand from 75 to 600°F in the ab- 
sence of heat losses. Under these 
conditions, a minimum air flux of 
4.0 scf/hr-ft’ is sufficient to produce 
a rate of advance of about 1.0 ft/day 
in unconsolidated sand. This rate 
would be the theoretical maximum 
self-sustained rate of advance for a 
minimum air flux of 4 scf/hr-ft.’ 
However, experimental data indicate 
that heat losses are minimized at a 
rate of advance of 2 ft/day. For this 
case, it would thus be necessary to 
supply air at a flux of 8 scf/hr-ft’ to 
insure self-sustained combustion. 


AIR REQUIREMENTS 

Fig. 8 is a plot of the air required 
per cubic foot of sand cleaned as a 
function of the injected air flux. This 
curve shows a minimum air re- 
quirement of about 240 scf/ft’ of 
sand cleaned at a flux of about 20 
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scf/hr-ft". The increase in air re- 
quired as the flux was increased from 
30 was due to the decreased effi- 
ciency shown in Fig. 7. The sharp 
increase in air requirements at low 
fluxes is supported by the data ob- 
tained in the exploratory runs. The 
data point representing data taken at 
80 psig is in agreement with the 600 
psig data obtained at similar water 
saturations. An increase in water 
saturation from 9 to 20 per cent de- 
creased the air requirement for 
the 80 psig runs from 245 to 219 
scf/ft’. 

During exploratory runs, the exit 
gas produced per unit volume of 
sand pack intervals cleaned was cal- 
culated from the rate of advance 
and exit flux data given in Table 2. 
A plot similar to Fig. 8 resulted in 
scattered data points, but a minimum 
value of about 150 scf of exit gas per 
cubic foot of sand pack cleaned was 
observed at a flux of 20 scf/hr-ft’. 

When residual material is not pres- 
ent in sufficient quantity to insure a 
high combustion temperature (about 
800 to 1,000°F), the kinetics of 
combustion will prevent the oxygen 
in air supplied at high rates from 
being entirely consumed as it passes 
through the front. This excess air is 


_ hot used efficiently, although benefit 


is gained from movement of heat 
by convection. A scattering of air re- 
quirement data was obtained during 
the experiments with 28.9° API 
crude oil in early runs at high rates. 
The average fuel consumption was 
only 0.2 lb of carbon per 100 lb of 
sand. Air requirements as high as 
1,300 scf/ft* of sand cleaned were 
obtained at a flux of 255 scf/hr-ft’. 
At a flux of 200 scf/hr-ft’, the aver- 
age air requirement for this crude 
was about 1,000 scf/ft* of sand. This 
is enough air to move the combustion 
zone at a rate of about 5 ft/day by 
convection alone if radial heat losses 
were eliminated. The same air rate 
would be used efficiently with a low 
gravity crude oil, and a much faster 
rate of advance and lower air re- 
quirement per unit of sand cleaned 
would be observed. 


Calculations assuming no heat loss 
and a heat of combustion of 500 
Btu/scf of oxygen burned indicate 
that the theoretical minimum amount 
of air required to clean a cubic foot 
of unconsolidated sand by combus- 
tion at 750°F is about 135 scf/ft’. 
Calculations also show that the theo- 
retical minimum amount of air or 
other gas required to move a heat 
wave by convection alone is about 
10 scf/lb of sand or about 1,050 
scf/ft® of sand pack cleaned. 


Gas-O1L RATIOS 


The ratios of air injected to oil 
produced ranged from 4,000 to 37,- 
000 scf/bbl under conditions of sta- 
bilized combustion during the ex- 
ploratory experiments. Fig. 9 shows 
the instantaneous and cumulative 
gas-oil ratio vs the percentage of 
pack cleaned for Run 13 of the con- 
stant flux experiments. The instan- 
taneous GOR averaged 5,000 scf/bb] 
during the period of stabilized com- 
bustion. The cumulative GOR for 
Run 13 was a minimum of 6,500 
scf/bbl when the front had cleaned 
76 per cent of the pack and was 
7,200 scf/bbl when the instantaneous 
GOR reached 20,000 scf/bbl. 


Data from other runs show that 
the time required for initial oil pro- 
duction decreases as the initial oil 
saturation increases. With very high 
initial saturations, the instantaneous 
GOR starts at a lower value and in- 
creases with time. The air required 
and oil burned per cubic foot of 
sand cleaned does not change appre- 
ciably with oil saturation. Thus, an 
increase in initial oil saturation de- 
creases the GOR’s in tube runs, but 
the instantaneous GOR is less sensi- 
tive to initial oil saturation than the 
cumulative. ‘Both are important be- 
cause they give an indication of the 
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cost of oil displaced by combustion. 
Data in Table 4 show how cumula- 
tive and average instantaneous gas- 
oil ratios varied with air flux. 


PRODUCED 


Oil recoveries for the constant flux 
experiments ranged from 86.6 to 
92.2 per cent of that in place at ig- 
nition. The gravity of the produced 
oil increased gradually during the 
latter stages of all runs, because 
heavy components were used for fuel 
and lighter hydrocarbons were pro- 
duced by cracking and distillation. 
As the combustion front approached 
the end of the tube, a light oil or 
distillate was produced. Presumably, 
a condensate zone forms ahead of 
the combustion front. 


FUEL REQUIREMENTS 


Tables 3 and 4 present data con- 
cerning the residual material used as 
fuel during runs with 21.2° API 
crude oil. Although the data vary 
slightly from run to run, an average 
value of approximately 1.17 lb of 
carbon per 100 lb of sand cleaned 
was observed. Table 2 gives explora- 
tory data on oxygen converted to 
carbon oxides. Plots of these data in- 
dicate some effect of air flux on fuel 
requirements. The constant flux runs 
show these trends to a lesser degree. 
Although rationalizations can be 
made to explain the inflections ob- 
served, no definite conclusions seem 
justified at this time. 

The effect of injected air flux on 
the amount of 21.2° API oil burned 
was slight and may be deduced from 
the data in Tables 3 and 4. The 
amount of crude consumed as fuel 
averaged 5.5 per cent of pore vol- 
ume. 

The carbon-hydrogen ratio of the 
fuel consumed was calculated by di- 
viding the total weight of carbon 
burned, as determined from gas 
analysis, by the total weight of hy- 
drogen burned, as determined from 
the combustion water produced. The 
data show that the carbon-hydrogen 
ratio increases with combustion tem- 
perature and air flux. 


SATURATION DISTRIBUTIONS 


Exploratory Run 12 was inter- 
rupted when the combustion zone 
had progressed about 1 ft into the 
sand pack (about 30 per cent of 
pack length) in order to obtain data 
on the distribution of crude oil, 
residual material, and water near 
the combustion zone. The pack was 
allowed to cool under pressure, 
slowly depressured, and then sam- 
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pled throughout its length by digging 
out the sand. 


The sand samples were analyzed 
for oil and water content by the Bu- 
reau of Mines method.* Samples of 
the extracted sand were ignited to de- 
termine the amount of insoluble 
residue or coke present. These data 
are shown in Fig. 10. The data from 
other interrupted runs resulted in 
similar shaped curves with about the 
same amount of residual material 
and water but with differing oil satu- 
rations. 


Inspection of Fig. 10 shows that 
the oil saturation (based on a 21.2° 
API gravity) increased rapidly to 32 
per cent in the 8-in. interval ahead 
of the burning zone, appeared to 
level out in the interval of increasing 
water saturation, and then increased 
rapidly to about 5O per cent of pore 
space at the end of the pack. Water 
saturation was detected about 6 in. 
from the burning zone and increased 
rapidly to about 16 per cent, approx- 
imately 14 in. ahead of the zone. It 
is of interest that the maximum coke 
content of the sand by analysis 
checks the run average amount of 
carbon burned as indicated by the 
Orsat data during this experiment; 
thus, the coked zone contributes 
most of the heat liberated by com- 
bustion. 


Fig. 10 also shows a longitudinal 
temperature profile of the pack at 
the time the run was terminated. The 
maximum concentration of coke or 
residual material was observed at a 
point which had reached a temper- 
ature of about 700°F. Water satura- 
tion began where the temperature of 
the sand had never exceeded the boil- 
ing temperature of water. There was 
a leveling out of the temperature 


profile where water saturation in- 
creased which reflects the effects of 
vaporization and condensation of 
water being driven down the tube. 


DISCUSSION 


MECHANISM OF IN SITU 
COMBUSTION 


The events which occur as a high 
temperature combustion front ap- 
proaches a given point in porous me- 
dia containing oil and water are as~ 
follows. The temperature increases 
gradually until the condensation and 
vaporization point of water is reached. 
The water vapor in the sweep gas 
condenses, and a residual water satu- 
ration is maintained by liquid flow. 
The residual water then begins to 
vaporize and is moved away by the 
sweep gas at a rate corresponding to 
the rate at which heat is being trans- 
ferred from the combustion zone. 
Some oil is moved out by distillation 
and the increased gas flow resulting 
from the vaporization of water. When 
_all the water has been vaporized, 
the temperature at the point in- 
creases. During this time, the vis- 
cosity of the oil in place decreases, 
and the volumes of oil and gas are 
increased by thermal expansion. 
These effects result in additional flow 
of liquid oil from the point. In addi- 
tion to liquid flow, vaporization of 
oil will occur as component vapor 
pressures exceed the prevailing pres- 
sure. When temperatures approach 
600°F, most of the original oil satu- 
ration will have been moved away 
from the point. The residual material 
begins to crack, forming lighter hy- 
drocarbons and coke. Combustion 
will be occurring at rates controlled 
by process variables. If the combus- 
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tion zone temperature is less than 
600°F, considerable hydrogen will 
be burned. The resulting water va- 
por is carried by the sweep gas until 
it condenses ahead of the zone. As 
temperatures increase from 600°F, 
the residual material has more of an 
opportunity to crack before it is 
burned. Under these conditions more 
hydrogen will be recovered in the 
produced hydrocarbons, and the ratio 
of carbon to hydrogen consumed as 
fuel will be increased. 

Liquids are moved away from an 
advancing combustion front in part 
by vaporization and in part by flow. 
Vaporization occurs at a rate cor- 
responding to the rate of heat trans- 
fer from the zone to the liquids. If 
the heat transferred from a combus- 
tion zone causes excessive vaporiza- 
tion, liquid saturations will build up 
in cooler portions of the porous ma- 
trix and gas permeability blocks will 
develop. These blocks can reduce the 
air flux to levels below that required 
for self-sustained combustion. Per- 
meability blocks were a technical dif- 
ficulty often encountered following 
the ignition of crude oils in tube runs 
and may be important during field 
applications of the process.” 

The most striking feature of the 
saturation distributions and the tem- 
perature profile shown in Fig. 10 is 
the short length of the combustion 
zone and the resulting high tem- 
perature gradient at the advancing 
front. The transition from hot, 
cleaned sand to relatively cool sand 
containing oil and water occurred 
Over a distance of approximately 1 
ft. At low rates of advance, the 
amount of preheat received by the 
porous matrix prior to the arrival of 
the combustion zone should increase 
with distance traversed by the front. 
This should result in a decrease in 
the residual material and air flux re- 
quired for sustained combustion.’ 
The effects of preheat would appear 
to be small at rapid rates of ad- 
vance. It seems logical also that 
losses to over and underburden will 
be minimized in many field applica- 
tions because of the relatively rapid 
velocities of advancing in situ com- 
bustion zones as compared with the 
rate of heat loss by thermal conduc- 
tion. 


ADVANCE OF COMBUSTION 
FRONTS 


The propagation of a high energy 
combustion zone through an oil res- 
ervoir is the most rapid method of 
thermal recovery. Experimental and 
theoretical data show conclusively 
that such a combustion zone moves 
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more rapidly than heat can be moved 
by the combined processes of con- 
duction through the solid matrix and 
convective heat transfer by gases 
flowing at similar rates. In addition 
to being faster, the use of in situ 
combustion energy results in substan- 
tial savings in the amount of air re- 
quired to advance the front through 
a unit of reservoir space. With rapid 
rates of advance, the exploratory data 
and calculations indicate that an ad- 
vance by burning only requires about 
20 per cent of the gas injection re- 
quired to advance a heat wave by 
convection from the sweep gas. We 
do not wish to imply, however, that 
the latter technique is without ad- 
vantage, since recycle of produced 
combustion gas can often be accom- 
plished with a minimum of compres- 
sion costs. 

There may be a fairly narrow 
range of crude oil types which will 
provide the optimum amount of car- 
bon or residual material for propa- 
gation of an in situ combustion wave. 
The methods proposed by Sinclair 
appear to be applicable to light 
crudes.” These methods involve in- 
jecting fuel gas and/or reducing the 
oxygen content of injected gas so 
that the rate of advance of the com- 
bustion zone is the same as the rate 
of movement of heat by convection. 


If, on the other hand, one burns 
very heavy crude oils, excess heat 
is developed in the combustion zone 
because of the relatively large amount 
of residue laid down by these crudes. 
This excess heat is of no apparent 
value to the process, yet the front 
cannot be advanced without consum- 
ing the residue. This requires large 
quantities of additional air. With very 
heavy crudes, it may develop that 


.the air required per unit of sand 


cleaned will make the process unat- 
tractive and means of reducing the 
air requirements will have to be de- 
veloped. 

For a given crude oil, the rate of 
advance of a combustion front ap- 
pears to be directly proportional to 
the rate of formation of carbon ox- 
ides and the rate of total oxygen con- 
version. But the relationship between 
the rate of advance and the air flux 
is influenced by many inter-related 
variables, such as the combustion ef- 
ficiency and the amount of residual 
material burned per unit of sand 
cleaned. The length of the combus- 
tion zone, the pressure and temper- 
ature, the reactivity of the residuum, 
and the air flux affect combustion 
efficiencies. The effect of process 
variables on the combustion charac- 


teristics and distributions of fluids 
and solids in combustion zones are 
important and are amenable to lab- 
oratory investigation. 

It is apparent that the minimum 
rate of advance of a combustion 
front is related to the amount of 
residual material on the sand grains. 
For a given minimum air flux, mini- 
mum rates of advance decrease as 
the amount of residual material in- 
creases. In view of the many variables 
affecting minimum rates of advance, 
they may be defined as those rates 
which result when air is supplied at 
the minimum flux required for sus- 
tained combustion. 


MINIMUM AIR RATES 


The instantaneous heat loss from 
the zone and the ratio of residual 
fuel to rock solids are the important 
variables relative to the definition of 
a minimum air rate. Preheat will 
tend to reduce the heat loss from a 
burning zone, thereby reducing the 
amount of residual material and air 
required to propagate and maintain 
the zone at combustion temperatures. 
At low rates of frontal advance, the 
amount of preheat experienced by 
a combustion zone could conceivably 
increase with distance traveled from 
the place of ignition. It should also 
increase with pressure because of 
the higher vaporization temperature 
of water ahead of the zone. There- 
fore, minimum air fluxes and residual 
material requirements may be lower 
in petroleum reservoirs than they are 
in laboratory experiments. Ideally, 
this point has significance over a 
relatively short but critical portion 
of a conventional five-spot pattern, 
i.e., the area out to about halfway 
between injection and production 
wells. It is encouraging to note that 
the effects expected in the field are 
in the proper direction for a work- 
able process. 

An estimate of the minimum air 
flux required for sustained combus- 
tion was obtained by heat transfer 
calculations and substantiated by ex- 
perimentation. The indicated mini- 
mum flux of 4.0 scf/hr-ft’ is applica- 
ble to unconsolidated sand packs 
only. Tube runs with consolidated 
media will require a higher air flux 
to compensate for higher thermal 
conductivity of the rock. Under field 
conditions, the minimum air flux 
will depend largely upon reservoir 
properties and the prevailing thermal 
gradients. 


ToTAL AIR REQUIREMENTS 


Two extreme modes of operation 
exist for in situ combustion, i.e., heat 
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propagation with combustion con- 
trolling at low fluxes and heat propa- 
gation with convection controlling at 
high fluxes. It is possible to operate 
under self-sustaining conditions at 
either extreme, but the total air or 
gas requirements per unit of sand 
cleaned will be different. 


The total air requirements with 
combustion controlling are affected 
by the characteristics of the crude 
oil, the porous matrix, and the com- 
bustion efficiency. A figure in the 
order of 250 scf/ft’ of unconsoli- 
dated sand seems appropriate for de- 
sign and evaluation calculations. 


FUEL REQUIREMENTS 


The propagation of a heat wave 
through a petroleum reservoir re- 
quires an amount of fuel which is 
largely fixed by the heat capacity of 
the porous matrix, the heat trans- 
ferred with the zone, and the heat 
losses from the zone as it moves be- 
. tween wells. A reservoir having a 
low oil saturation, if subjected to a 
combustion drive, would most cer- 
tainly yield less oil than one having 
a higher initial saturation of the same 
crude oil. 


Tube runs do not necessarily give 
an absolute measure of the amount 
of oil which might be consumed in 
a field application of the process. 
Analog data reported by Vogel and 
Krueger’ indicate that fuel require- 
ments are affected by numerous var- 
iables, including the rate of advance 
and the distance the front has pro- 
gressed away from the place of igni- 
tion (preheat). The work reported 
here did not include enough long- 
term data to evaluate the effect of 
distance moved in sand-packed tubes. 


Data on oil burned may be found 
in Table 3. It should be noted that 
the data expressed in per cent of 
porosity cleaned are representative 
of the sand packs used in these ex- 
periments. The effect of porosity on 
the amount of oil burned was not de- 
termined, but the heat capacity and 
thermal conductivity of the gross 
matrix will be inversely proportional 
to porosity; thus, more oil will be re- 
quired to heat a unit of low porosity 
sand than will be required for a unit 
of high porosity sand. The oil con- 
sumed, expressed in per cent of po- 
rosity, will be increased as the po- 
rosity is decreased by two effects: 
(1) more oil is required for fuel and 
(2) the oil burned will occupy a 
correspondingly larger portion of the 
available space. Low porosities will 
therefore limit the applicability of 


the process. 
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CONCLUDING REMARKS 


This study should promote a better 
understanding of the problems and 
mechanisms involved in laboratory 
investigations and field applications 
of the in situ combustion process. 
The data presented will be useful in 
the planning, operation, and _ inter- 
pretation of field tests. These data, 
tempered with volumetric sweep effi- 
ciencies, can be used as a guide in 
making preliminary economic and 


technical appraisals of the process, 


for reservoirs containing high poro- 
sity unconsolidated media; however, 
indiscriminate application can lead to 
erroneous results and conclusions. 
Estimation procedures based on the 
application of laboratory data to field 
conditions will be subject to con- 
siderable uncertainty until several 
large-scale field projects have been 
completed and evaluated. 

The results of this work and the 
following conclusions apply strictly 
to the experimental conditions under 
which the data were obtained. 


CONCLUSIONS 


1. The minimum rate of stabilized, 
self-sustained in situ combustion of 
residual material in unconsolidated 
sand packs during air injection is 
that required to maintain a tempera- 
ture level of about 600° F. 

2. The minimum air flux which 
must be maintained to provide this 
minimum rate of self-sustained in situ 
combustion is about 4 scf/hr-ft’ for 
adiabatic experiments with uncon- 
solidated sand. 

3. An in situ combustion zone ad- 
vances through a sand pack by burn- 
ing residual material; thus, with high 
combustion efficiencies, the rate of 
advance of a combustion zone is 
nearly proportional to the rate at 
which air is supplied to the zone 
and inversely proportional to the 
amount of residual material de- 
posited. 

4. The minimum self-sustained 
rate of advance, in a given situation, 
is that resulting when air is supplied 
at the minimum flux. The minimum 
rate of advance of an in situ combus- 
tion front in semiadiabatic, sand- 
packed tubes is 0.7 ft/day or less, 
depending on the properties and 
quantity of the residual material. 

5. Total air requirements are de- 
pendent on the rate at which air is 
supplied to the front. A minimum 
air requirement is indicated at an air 
flux of 20 scf/hr-ft’ in unconsolidated 
sand packs containing a specific 21.2° 
API crude. 
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6. In situ combustion experiments 
in unconsolidated sand packs con- 
taining a specific 21.2° API crude 
can be maintained satisfactorily at 
air fluxes above the minimum with 
a fuel consumption of about 1.2 Ib 
of carbon per 100 lb of sand cleaned, 
which corresponds to about 5.5 per 
cent of pore volume. 

7. The amount of hydrogen asso- 
ciated with the carbon burned during 
in situ combustion decreases as the 
combustion temperature and air flux 
at the front are increased. 

8. It is indicated that the effect of 
pressure on in situ combustion is 
small for conditions where high com- 
bustion efficiencies exist and the 
kinetics of combustion are not con- 
trolling. 
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The Effect of Fluid-Flow Rateand Viscosity on Laboratory 
Determinations of Oil-Water Relative Permeabilities 


ABSTRACT 


The effect of fluid-flow rate and 
fluid viscosity on oil-water relative 
permeability determinations was 
studied using the “dynamic flow tech- 
nique.” In this work relative per- 
meability curves were obtained for 
homogeneous small core samples 
from several sandstone outcrop form- 
ations. Radio-tracers were used for 
the determination of fluid saturation 
and for the detection of saturation 
gradients. Cobalt-60 in the form of 
cobaltous chloride was used as a 
water-phase tracer in some of the 
experiments. Iodine-131 in the form 
of iodobenzene and Mercury-203 in 
the form of mercury diphenyl were 
used as oil-phase tracers in other 
experiments. Flow rates for each 
phase were varied within a range of 
2.5 to 140.6 ml/hr. Oil-phase vis- 
cosities under flowing conditions 
were varied from 0.398 to 1.683 cp. 


The relative permeabilities ob- 
tained were found to be solely a 
function of saturation and indepen- 
dent of flow rate, provided there was 
no saturation gradient induced in the 
core sample by “boundary effect.” 
Even though equilibrium with re- 
spect to flowing conditions was cb- 
tained at the lower flow rates, where 
a saturation gradient exists, this 
equilibrium is of a “contingent’’-type 
rather than the “steady-state” equi- 
librium implicit in the relative per- 
meability concept. The only effect of 
increasing the oil or non-wetting 
phase viscosity was to decrease the 
flow rate required for the elimina- 
tion of the boundary effect. 


Fairly good agreement between 
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experimentally determined and cal- 
culated values of the boundary ef- 
fect was obtained when the non-wet- 
ting oil phase was the only flowing 
phase. 


INTRODUCTTON 


In the characterization of reservoir 
rock, as well as in the solution of 
reservoir production problems, it is 
most desirable to have reliable rela- 
tive permeability measurements for 
the rock and fluids of interest. Many 
techniques have been developed for 
the laboratory determination of the 
relative permeability of both large 
and small core samples. In varying 
degree, difficulties attend the use of 
all of the methods. Each of the meth- 
ods requires the metered flow of 
fluids of known viscosity through the 
core sample under conditions where- 
in the pressure drop in the individual 
flowing phases can be measured or 
closely approximated. Since the rela- 
tive permeability is a function of the 


.saturation and distribution of the 


flowing fiuids, some means of obtain- 
ing such information is also required. 

The laboratory determination of 
the relative permeability of a sample 
should give the same relative per- 
meability saturation relationship that 
would exist if the sample were in 
place in the oil reservoir. The attain- 
ment of this objective is complicated 
by the fact that the use of small 
core samples for laboratory measure- 
ments is usually necessary. As a re- 
sult, errors in measuring the relative 
permeability arise from boundary 
effects at either the fluid input or 
output ends of the sample; no. sig- 
nificant boundary effect is anticipated 
at the sides of the sample normal to 
direction of fluid flow. At the input 
end of the sample a boundary effect 
exists if the flow fluids are not com- 
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mingled as they would be in the 
reservoir. At the output end of the 
sample a boundary effect exists as a 
result of discontinuity of the capil- 
lary properties of the system. Here 
the flowing fluids leave the small flow 
channels and enter a collecting sys- 
tem having much enlarged flow chan- 
nels. Thus, there is a tendency for 
the wetting phase to be retained by 
the core sample because of the at- 
traction of the core sample for the 
wetting fluid. 

No reference is made to these 
boundary effects in either Darcy’s 
equation or in the relative permeabil- 
ity concept. As a consequence the 
saturation effect peculiar to the input 
end of the core sample may cause 
an error in the effective permeability 
measurement, since some portion of 
the core sample must be utilized for 
commingling of the flow fluids. At 
the output portion of the core sample 
a saturation gradient or a saturation 
change along the axis of flow results. 
Since relative permeability is a func- 
tion of fluid saturation, this satura- 
tion gradient may cause a variable 
permeability measurement, especially 
since extent and character of the 
saturation gradient can vary with 
fluid-flow rate. 

The most convenient method of 
minimizing the boundary effect, espe- 
Cially at the output end of the sample, 
is to flow the fluids of interest 
through the core sample at such high 
rates that the capillary forces are 
insignificant as compared to the vis- 
cous forces involved in the fluid 
flow. Since recent work of a prelim- 
inary nature has indicated that fluid 
dispersion in the porous medium 
increases with the flow rate, the high 
flow minimizes the boundary effect 
at the input end of the core sample 
by enhancing the mixing of the fluids. 
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The use of this dynamic flow tech- 
nique, which is the technique used 
for the experiments reported in this 
paper, depends upon the knowledge 
of the existence and extent of any 
saturation gradients in the core 
sample. 


There are many methods of meas- 
uring average fluid saturation within 
a core sample, but there are only a 
few methods presently available for 
directly determining saturation gra- 
dients. The techniques which have 
been reported in the literature in- 
clude electrical resistivity, X-ray ab- 
sorption, gamma-ray absorption, 
neutron diffraction and the use of 
radioactive tracers.’ The principal ad- 
vantage of the radio-tracer technique, 
which is the one utilized for the ex- 
periments reported in this paper, lies 
in its inherently high resolving 
power. The use of a suitable tracer 
in one of the flowing phases along 
with a sensitive, well-collimated de- 
tector system enables saturation 
measurement over small portions of 
the core sample. Thus, the conven- 
tional small samples, in which the 
boundary effects may control the 
fluid-flow process, may be easily 
studied. Although the complex nature 
of the radio-tracer technique makes 
its use undesirable for routine work, 
it is well suited for the study of 
multiphase flow under ideal condi- 
tions. Such studies should enable one 
to set-up the necessary flow condi- 
tions for obtaining relative permea- 
bilities on a routine basis using the 
more usual techniques for saturation 
measurement. 


EXPERIMENTAL PROCEDURE 


FLow SYSTEM 


The dynamic method was used 
for introducing and removing the 
fluids from the plexiglas mounted 
core sample. Both the wetting and 
non-wetting phases flowed directly 
into the sample without the use of 
a mixing head. A neoprene fluid 
entry gasket as shown in Fig. 1 was 
used to keep the oil and water phases 
separate before their entry into the 
sample. One set of concentric circles 
was used for the water phase; the 
other set of concentric circles was 
used for the oil phase. Dye studies 
showed, that this entry system very 
effectively commingled both fluid 
phases within the first 2 cm of the 
core sample. The effluent end of the 
sample was maintained at atmospher- 
ic pressure without the use of porous 
end pads. 


1References given at end of paper. 
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Fic. 1—Gasket FOR SEPARATION OF 
Brine anp CErLt. 


For some of the experiments, pres- 
sure gauges, which were connected 
between the input and output lines 
for each phase, measured the pres- 
sure drop across the core sample for 
each phase. In other experiments two 
pressure taps were 
measuring oil-phase pressures at ad- 
ditional points along the core sample. 
The taps consisted of 1/32-in. holes 
drilled through the plexiglas core 
mount to the sample surface. The 
pressure gauges were Wiancko vari- 
able induction bridge-type, capable 
of measuring a maximum pressure 
difference of 10 psi. The extremely 
small volume take-up, 0.001 ml/10 
psi, and the fast response of these 
gauges make them particularly suit- 
able to this type measurement. The 
outputs of the gauges were fed to a 
six-channel Foxboro Dynalog re- 
corder. This Wiancko-Foxboro com- 
bination proved to be extremely 
stable over long periods of time. The 
maximum zero drift encountered was 
1 per cent over a period of one week. 

The volume flow rate of each 
phase flowing through the core 
sample was obtained directly from 
the settings of Ruska constant rate 
positive displacement pumps. The 
flow rate could be varied from 2.5 
to 140.6 ml/hr. The viscosity of the 
fluids at the temperature of the flow 
experiments was measured with 
modified Ostwald pipettes. Core 
sample temperature was measured 
using a resistance thermometer in 
contact with the sample. This tem- 
perature was recorded continuously 
on one channel of the Foxboro re- 
corder. 

All components of the flow system 
which came in contact with the cor- 
rosive saline aqueous flow solution 
were constructed of inert materials 


introduced for 


such as Saran, plexiglas, or neoprene. 
Both the flow apparatus and the dis- 
placement pumps were contained in 
constant temperature air baths which 
were controlled to within = 0.05°C. 


FLUID SATURATION DETERMINATION 


An ideal radio-tracer for fluid-flow 
experiments should have the follow- 
ing properties. 

1. Gamma-ray energy between 0.2 
and 1.5 mev in order to penetrate 
the core sample structure. 

2. A half-life of 30 days or hace: 
so that frequent renewal of the tracer 
is unnecessary. 

3. A specific activity greater than 
40 millicuries/gm is desirable so that 
concentrations of the tracer can be 
restricted to 1 gm/liter of solution. 

4. The tracer should be prepon- 
derantly soluble (distribution ratio 


“100:1) in one phase. 


5. Adsorption of the tracer on the 
porous medium should be a min- 
imum. 

Cobalt-60 in the form of cobaltous 


_chloride was used as a tracer in the 


aqueous phase in some of the experi- 
ments. In other experiments either 
Iodine-131 in the form of iodoben- 
zene or Mercury-203 in the form of 
mercury diphenyl were used as an 
oil-phase tracer. The properties of 
these radio-isotopes are summarized 
in Table 1. 

None of these isotopes are ideal 
tracers. Radio-cobaltous chloride is a 
suitable water-phase tracer for water- 
wet sandstones having less than 5 
per cent clay and iron oxide content. 
This limitation is a result of the ten- 
dency for cobalt ion to adsorb on 
these materials in sandstones giving 
false saturation values. 

Although it is easy to synthesize 
oil-phase tracer compounds from 
Iodine-131, the short half-life of this 
radioisotope makes its use inconve- 
nient. Mercury-203 has suitable half- 
life buts its y energy is lower than is 
desirable. 

For both the radio-cobalt~ and 
iodine tracers a conventional Geiger- 
Muller counting system may be used. 
A scintillation counter was necessary 
for use with the lower energy Mer- 
cury-203 tracer compound. The 
counting head developed for use with 
this material, as well as for the 
Iodine-131 experiments, consisted of 
a 1% X 1¥%-in. cylindrical, thallium 
activated, sodium iodide crystal which 


TABLE 1 — PROPERTIES OF THE 
RADIOISOTOPES USED FOR TRACER 
PREPARATION 


Energy Specific Activity 
Radioisotope (mev) Half-life : Millicuries/gm 
Cobalt-60 1.17, 1.33 5.3 years 34 
lodine-131 0.720 8 days 500 
Mercury-203 0.286 43.5 days 100 
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was mounted on a Dumont 6292 
photo-multiplier tube. The output 
from this tube was passed through a 
cathode follower preamplifier and 
was further amplified with an Atomic 
Instrument Co. Model 204B linear 
amplifier. A Model 510 single-chan- 
nel pulse height analyzer was then 
utilized for selecting the energy re- 
gion of interest. A conventional 
scaler was used to count the output 
from the pulse height analyzer. A 
Model 300 Beva Laboratory power 
supply was used to supply the high 
voltage to the photo-multiplier tube. 
This counting system proved to be 
exceedingly stable over periods of 
time as long as six months. 

In order to determine the tracer 
activity, and thus the fluid satura- 
tions over small regions of the core 
sample, a movable collimating sys- 
tem was employed. Hevimet, a tung- 
sten alloy which has a high coeffi- 
cient of gamma-ray absorption, was 
used to form a slit between the de- 
tector and the core sample. In most 
of the experiments a slit 4 mm X 
5 cm in cross section was used. This 
size permitted measurement of the 
average fluid saturations in 8-mm 
segments along the flow axis of the 
core sample. An electrical gear drive 
was used to move the detector and 
shield. With this mechanism the slit 
could be positioned to within 0.5 mm 
of any desired point on the core 
sample. The gamma-ray detector was 
shielded from scattered radiation by 
a shield assembly containing either 
lead or mercury as an absorber. 

As the counting assembly was 
moved step-wise along the length of 
the core sample, the counting rate 
profile obtained included the sum of 
the count of the tracer in the flow 
solution plus background count. The 
background count consists of cosmic 
radiations and low level radiation 
from flow solution storage units in 
the flow equipment. When Cobalt-60 
was used as a tracer, an additional 
count resulted from the adsorbed 
Cobalt-60 on the internal sample sur- 
face. To obtain the counting rate 
that would be indicative of fluid 
saturation, the sources of radiation 
other than those resulting from fluid 
saturation had to be evaluated and 
subtracted from the observed count- 
ing rate. 

The background count was ob- 
tained by scanning the core sample 
in the flow equipment with all flow 
reservoirs and lines installed before 
any tracer solution was passed 
through the sample. The correction 
for background as a function of posi- 
tion was then subtracted from the 


38 


count rate profiles obtained in the 
course of the fluid-flow experiments. 
In order to obtain the count equiva- 
lent to 100 per cent saturation of the 
core sample by the tracer fluid, a 
standard sample identical to that used 
for the flow experiments was utilized. 
This sample was saturated with exact- 
ly one pore volume of the tracer 
solution, placed in the flow system 
and scanned. The count obtained at 
any point in this scan minus the pre- 
viously determined background count 
would be that expected for a 100 
per cent saturated core sample at 
that point in the course of the fluid- 
flow experiments. 


In the Cobalt-60 runs the differ- 
ence in the count between that ob- 
tained from the flow experiment core 
sample after many pore volumes of 
tracer solution had been passed 
through it and the count from the 
standard sample was assumed to be 
due to adsorption of the tracer. This 
count as a function of position was 
used to correct fluid saturation de- 
termination counts in the course of 
the flow experiments. 


CorE SAMPLES 


Samples from four consolidated 
sandstone outcrops were selected for 
the flow experiments on the basis of 
their physical characteristics and 
chemical composition. The samples 
and pertinent properties are listed in 
Tables 2 and 3. 


An attempt was made to select 
homogeneous core samples for the 
flow experiments to insure that any 
saturation gradients detected would 
be a result of boundary effects and 
not of irregularities in the porous 
structure of the core samples. In 
order to check the homogeneity of 
the core samples, random samples 


. from the outcrop were inspected 


microscopically. Permeabilities, po- 
rosities, and capillary-pressure curves 
were also obtained for several plugs 
taken from the outcrop. When all of 
these determinations were in close 
agreement, the outcrop sandstone 
was considered reasonably homoge- 
neous and suitable for the flow ex- 


TABLE 2—PHYSICAL CHARACTERISTICS OF 
CORE SAMPLES 


Permeability Per Cent 


Sample No. Formation (liquid) md Porosity 
2703 Aris 757 27.8 
2866 Crawford 645 28.8 
3812 Torpedo ~ 485 25.9. 
M929 Mueller 413 24.5 


TABLE 3—X-RAY DIFFRACTION ANALYSIS OF 
CORE SAMPLES 


Sample Forma- Quartz Clay Minerals Iron Oxide 

Number tion (wt %) (wt %) FezOs(Wt %) 
2703 Aris 95.8 0.5 
2866 Crawford 96.4 3.4 0.2 
3812 Torpedo 96.0 2.3 
M929 Mueller (99.9 0.1 0 


periments. For the relative permea- 
bility experiments core samples of 
l-in. diameter and 4- to 6-in. long 
were diamond drilled from the quarry 
blocks using an air-cooled drill. The 
samples were extracted for 48 hours 
in a mixture of 60 volume per cent 
carbon tetrachloride and 40 volume 
per cent methanol, dried to constant 
weight and then mounted in plexi- 
glas. 


FLow FLuips 

A 5 per cent sodium chloride solu- 
tion was used for the aqueous phase 
in all of the flow experiments. When 
Cobalt-60 was used as a tracer, 20 
millicuries of radioactive cobaltous 
chloride was added to a liter of the 
salt solution. Two per cent of “cold” 
cobaltous chloride was also added as 
a carrier in order to reduce statis- 
tically the adsorption of “hot” cobalt 
ions on the porous media. This tracer 
solution was kept at a pH of five 
or less to prevent precipitation of 
cobaltous hydroxide. 

N-heptane (n-C;H,,), n-tetradecane 
(n-CyH;,) and Soltrol-C narrow 
boiling range naphtha) were used as 
hydrocarbon phases. These hydro- 
carbons were de-peroxidized by treat- 
ment with potassium permanganate 
in order to help insure that the core 
samples remained predominantly 
water wet throughout the course of 
the flow experiments. In the experi- 
ments where radio-iodobenzene or 
radio-mercury diphenyl were used as 
tracers, approximately 25 millicuries 
of the tracer compound was added to 
a liter of flow solution. 


EXPERIMENTAL RESULTS 


THE EFFECT OF FLUID-FLOoW 
RATE ON RELATIVE 
PERMEABILITY DETERMINATIONS 


In all of the relative permeability 
determinations the core sample was 
initially completely saturated with 
the aqueous wetting phase. The 
water desaturation relative permea- 
bility of the samples to the brine and 
to the hydrocarbon was then meas- 
ured as the saturation of the hydro- 
carbon was progressively increased 
by decreasing the water-to-oil flowing 
ratio until a minimum water satura- 
tion was reached. The water resatu- 
ration cycle was obtained by revers- 
ing this process. At each flowing ratio 
the sample was scanned as the total 
fluid-flow rate was varied over a 
range within the limits of 2.5 to 
140.6 ml/hr. Usually the permea- 
bility values were obtained at low 
flow rates and then the flow rate was 
progressively increased until the high- 
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est rate practicable was reached. 
Pressure drops were measured either 
over the entire core sample or be- 
tween pressure taps placed so as to 
give pressure drops over the middle 
third of the core sample length. 


Under certain saturation condi- 
tions the measured values of relative 
permeability were found to be direct- 
ly related to fluid-flow rate. In gen- 
eral, the values of relative permea- 
bilities for both phases were found 
to increase with an increase in a 
fluid-flow rate so as to approach a 
maximum value asymptotically. 


This rate effect, which has been 
reported in the literature,” was ob- 
tained under a variety of flowing 
conditions for all of the sandstone 
samples. 


Typical data are presented in Fig. 
2 for the Aris sandstone, with brine 
and Soltrol-C as the flowing phases. 
The logarithm of the per cent rela- 
tive permeability in the course of the 
initial water desaturation is plotted 
as a function of the average per cent 
water saturation in the core sample 
for a high and low flow rate. A semi- 
log plot is used here, and in all 
such plots throughout this paper, as 
a means of amplifying the low per- 
meability end of the scale. The over- 
all pressure differential for the oil 
phase was used in the calculation of 
the permeabilities for both phases. 
Relative permeabilities obtained for 
a total flow rate of 115 ml/hr are 
designated by the solid points. Values 
obtained for a total flow rate of 10 
ml/hr are shown as open points. The 
ratio numbers indicate the brine-Sol- 
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trol-C flowing ratio utilized in ob- 
taining the point. High and low flow 
rate points at the same flowing ratio 
are tied together by dotted lines. Here, 
as was observed for all samples, the 
maximum relative permeabilities for 
both phases were obtained at the 
higher flow rates. For example, at a 
water saturation level of 60 per cent 
the low flow rate permeability for 
oil is 42.4 per cent of its high rate 
value and the permeability for water 
is only 14.7 per cent of its high rate 
value. 

The rate effect can be seen in 
more detail in Figs. 3 and 4 where 
the relative permeability for each 
phase is shown as a function of flow 
rate. In Fig. 3 the water-flow rate is 
used as the abscissa because the bulk 
of the flowing fluids consist of brine 
as is shown by the brine-Soltrol-C 
index numbers. In Fig. 4, where the 
bulk of the flowing fluid is Soltrol-C, 
the oil-flow rate is used as an abscissa. 
The brine relative permeabilities are 
shown as solid lines and the Soltrol-C 
relative permeabilities are shown as 
dashed lines. It can be seen that the 
relative permeabilities for both phases 
increase with increasing flow rate 
until a maximum value is ap- 
proached. Since the fluid saturation 


changed with flow rate, and core 
sample was uniformly saturated only 
at the asymptotic values of relative 
permeability, no saturation data are 
shown in these plots. 

It should be noted that the relative 
permeability of the water phase in- 
creased very slightly with flow rate 
when the brine-Soltrol-C flowing 
ratios of 80, 40, 5 and 1 were used as 
contrasted with the marked increase 
in the oil-phase permeabilities with 
increased rate. The rate effect on the 
oil phase may be a result of some 
tendency for the oil phase to flow in 
slugs. Such a possibility at flowing 
ratios of 80 and 50 is indicated by 
the fact that a pulsation in the oil- 
phase pressure measurement was al- 
ways observed at these flowing ratios. 

Saturation profiles obtained in the 
course of the experiments are shown 
in Figs. 5, 6, and 7. The profiles 
plotted in Fig. 5 were obtained at 
the start of the water desaturation 
at the high brine-Soltrol-C ratios of 
80 and 50. The per cent water satu- 


_Tation is plotted as the abscissa, and 


the distance in centimeters from the 
core sample input end is plotted as 
the ordinate. The highest flow rate, 
112.5 ml/hr for water, is indicated 
by the solid points and the lowest 
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flow rate, 15 ml/hr, is indicated by 
the open points. The slight tendency 
towards a higher water saturation at 
the lower flow rate may be indicative 
of a saturation gradient of magni- 
tude less than the accuracy of meas- 
urement. Within the possible error 
of measurement, there does not ap- 
pear to be any marked saturation 
gradient or end effect at the flow 
rates shown. The same situation may 
exist for the 5:1 brine-Soltrol-C 
flowing ratios as shown in Fig. 6. It 
should be pointed out that saturation 
gradients were observed in other out- 
crop samples in this saturation re- 
gion. For the 1:4 and 1:16 flowing 
ratios at low flow rates there is a 
marked saturation increase between 
the input and output ends of the 
core sample. 

The fact that the low flow rate 
gradient is somewhat greater for the 
1:4 flowing ratio than for the 1:16 
flowing ratio (despite the higher 
water saturation) results from the 
lower oil-flow rate, 3.75 ml/hr for 
the 1:4 case, as compared with 15 
ml/hr in the 1:16 case. The effect of 
flow rate is shown in even more detail 
in Fig. 7 for the 1:50 brine-Soltrol-C 
flow ratios. Here the 13 per cent 
saturation gradient at the output end 


40 


decreases with increasing flow rate 
until the core sample is uniformly 
saturated. For core samples having 
a lower specific permeability a satu- 


Qw/Qo =80 
@ @ Qw =!!2.5ML/HR 
O O Qw =!5.0ML/HR 


80 80 


DISTANCE FROM CORE SAMPLE INPUT END (CM) 


8s 90 92 94 96 98 100 
PER CENT WATER SATURATICN 


Qw - 


Qo 


ration gradient of as much as 30 per 
cent was observed between the input 
and output ends of the core samples 
under low flow rate conditions. 


This saturation gradient which 
exists at low flow rate and corre- 
spondingly low pressure gradients is 
an indication of the existence of a 
boundary effect at the output end of 
the core sample. Although it has 
been shown in detail for only one 
relative permeability experiment, sim- 
ilar gradients were obtained in the 
relative permeability determinations 
for all of sandstones. Further, sim- 
ilar results were obtained regardless 
of whether the curves were obtained 
in the initial water desaturation cycle 
as in previous data or in the resatura- 
tion cycles. 

Because of the large attractive 
forces between the brine-wetting 
phase and the solid surface, a certain 
amount of energy must be expended 
to remove the wetting phase from 
the porous system. This energy must 
be supplied to the hydrocarbon non- 
wetting phase in order to displace the 
wetting phase at the output end of 
the core sample. The saturation pro- 
files of Figs. 6 and 7 indicate that 
insufficient energy is being applied to 
the non-wetting phase at the low 
flow rates to overcome these wetting 
forces. Consequently, the measured 
pressure differential for both phases 
cannot be indicative of the pressure 
gradient exclusively due to viscous 
tlow. The measured pressure 
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gradient is the sum of that resulting 
from changes in capillary pressure 
along the sample due to the wetting 
forces and an average pressure gra- 
dient due to viscous flow. Only at 
high flow rates or at high water 
saturations, where the capillary pres- 
sure is small, does the viscous pres- 
sure gradient, which is the only 
gradient specified in Darcy’s equa- 
tion, become a predominant portion 
of the total pressure gradient. Thus, 
the saturation profiles, together with 
a plot of relative permeability vs 
flow rate, define the flow rate neces- 
sary to obtain an accurate and use- 
ful measurement of the relative per- 
meability for a particular core 
sample. 

Stabilized flow conditions, i.e., a 
pressure drop for each of the flowing 
phases which remained constant in 
time, was obtained in all of the per- 
meability measurements regardless of 
whether or not saturation gradients 
were present. A comparison of the 
flow conditions at the same average 
saturation value for experiments 
where a saturation gradient was 
present (in contrast with those where 
no saturation gradient existed) 
showed that a lower flow rate was 
obtained for each of the flowing 
phases for a unit pressure drop when 
a saturation gradient was present, or 
a lower value of relative permea- 
bility for each of the flowing phases 
when the saturation gradient was 
present. It thus appears that although 
flow conditions were stabilized for all 
experiments, a contingent equilibrium 
exists when a saturation gradient is 
present rather than the steady-state 
equilibrium implicit in the relative 
permeability concept. 
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THE USE OF OIL-PHASE 
PRESSURE TAPS 


Reference was made in the dis- 
cussion of the flow apparatus to the 


use of a perforated neoprene gasket. 


at the inflow face of the core sample 
to facilitate injection of oil and water. 
Fluids injected in this manner did 
not come in contact with each other 
prior to their entry into the core 
sample. Thus, pressure differential 
gauges connected across the sample 
measured the pressure drop of the 
given phase along the axis of flow. 
Although pressure measurements by 
this method are very convenient, they 
may not be representative of the 
pressure drop in the course of fluid 
flow. The gasket must necessarily 
cover part of the inflow face in order 
to maintain a barrier between the 
two phases. This reduces the effective 
cross sectional area of the sample at 
the inflow face and the resulting 
choking effect may introduce an 
erroneous pressure drop into a 
dynamic pressure measurement. Still 
another source of error in pressure 
measurement may be a consequence 
of the fact that the ratio of the entry 
areas available to the flowing phases 
remains constant even though the 
flowing ratio is changed in the course 
of a relative permeability determina- 
tion. 

To evaluate the magnitude of pres- 
sure drop encountered at the inflow 
face and its effect on relative per- 
meability measurements, the oil-phase 
pressure was measured at two taps 
along the length of the core sample 
as well as from the input line of 
each phase. It was possible to de- 
termine the pressure drop over a 
known length of the sample without 
the disturbing influence of the fluid 
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entry gasket. Relative permeability 


_measurements were then made at 


rates sufficiently high so that no satu- 
ration gradient was noted. The pres- 
sure tap data yielded permeabilities 
consistently (though only slightly) 
higher than those obtained using the 
pressure measured at the input face 
of the sample. 

It was hoped that the use of these 
pressure taps would enable the ob- 
taining of reliable relative perme- 
ability measurements when a satura- 
tion gradient was present in the core 
sample. In all cases, when using these 
taps as a basis of pressure measure- 
ment, the presence of a saturation 
gradient in the core sample lowered 
the water- and oil-phase relative per- 
meabilities even though the core was 
apparently uniformly saturated be- 
tween the pressure taps. The extent 
of lowering, however, was usually a 
small fraction of that encountered 
when the intermediate pressure taps 
were not used. 

These investigations indicated that 
for absolute measurements of rel- 
ative permeabilities the use of pres- 
sure taps is desirable, especially if 
the entry or exit phases of the core 
samples are restricted in any man- 
ner. 


THE EFFECT OF FLUID 
VISCOSITY ON RELATIVE 
PERMEABILITY-SATURATION 
RELATIONSHIP 


Aris sandstone was used in the 
study of the effect of fluid viscosities 
and viscosity ratios on the measure- 
ment of relative permeability. After 
a water desaturation and resatura- 


Al 


tion cycle, the single-cycle hysteresis 
disappeared and the sample reached 
conditions of stability and reprodu- 
cibility. Relative permeability meas- 
urements were then made using an 
aqueous brine having a 0.833 cp vis- 
cosity and Soltrol-C as the oil phase 
having a viscosity of 1.147 cp. These 
measurements were repeated after 
the Soltrol-C was replaced by nor- 
mal heptane of 0.398 cp viscosity 
and then by normal tetradecane of 
1.683 cp viscosity. The resulting rel- 
ative permeability data are plotted in 
Fig. 8. Although the oil-phase vis- 
cosity was varied from 0.398 to 
1.683 cp and the oil to water vis- 
cosity ratio was varied from 0.48 
to 2.02, the permeability-saturation 
relationship for this sample was, 
within experimental error, un- 
changed. It was found, however, that 
as oil viscosity was decreased higher 
flow rates were necessary to remove 
the saturation gradient. These data 
would, therefore, indicate an inde- 
pendence of relative permeability 
measurements on viscosity of the 
flowing fluids, provided that capillary 
end effects in the core sample are 
negligible. 
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COMPARISON OF 
EXPERIMENTAL AND 
CALCULATED SATURATION 
GRADIENTS 


For two immiscible fluids flowing 
through a porous medium the fol- 
lowing equation has been derived.’ It 
is based on Darcy’s law for each of 
the flowing phases and the assump- 
tion that the capillary pressure for 
the system is the difference between 
the pressures of the flowing phases. 

If the effective permeability for 
each of the flowing phases as a 
function of saturation is known 
along with the capillary-pressure 
curve for the core sample of interest, 
it should be possible to calculate the 
saturation gradient at a particular 
flow rate from the above equation. 
Such calculations have been reported 
for oil-water* and oil-gas’ systems. 


Rather good agreement between 
observed and calculated saturation 
distributions was obtained at the high 
oil saturation region of the relative- 
permeability curve where only the 
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oil phase was flowed. Under these 
conditions the equation is simplified 
considerably since the water term 
drops out. 

Some typical results for this calcu- 
lation are shown in Fig. 11 for the 
413-md Mueller sandstone. The 
water desaturation cycle relative-per- 
meability curve and the capillary- 
pressure curve for this sandstone are 
shown in Figs. 9 and 10. As is shown 
in Fig. 11 the measured saturation 
gradient with n-tetradecane as the 
flowing phase is greater in extent 
than the calculated gradient. This 
was the case for all of the core sam- 
ples studied. As would be expected 
the extent of the gradient decreased 
with an increase in oil-flow rate. 


ACCUARCY AND PRECISION IN 
THE RELATIVE PERMEABILITY 
DETERMINATIONS 


At the present time no estimation 
can be made for the accuracy of 
permeability-saturation relationships. 
This must be the case until all the 
variables involved in such determina- 
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tions can be evaluated. Since core 
samples utilized for this study were 
strongly water-wet, thus eliminating 
wettability considerations, the prin- 
cipal source of error in the foregoing 
studies probably lies in the correla- 
tion of measured pressure drops with 
flowing conditions. 

In contrast, the precision of the 
individual measurements required for 
the determinations can be ‘readily 
evaluated. Fluid-flow rate is the most 
precisely measured variable in the 
permeability determination having a 
precision of better than 0.1 per cent. 
Core sample dimensions are precise 
to + 0.5 per cent, while pressure 
measurement and viscosity deter- 
minations have a + 1 per cent pre- 
cision. The average fluid saturation 
of the core sample was determined 
for each relative-permeability data 
point. Tracer counts were made at a 
minimum of six stations along the 
length of the core sample. The ac- 
curacy of saturation measurement at 
each station was dependent upon the 
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precision with which the counter was 
positioned and the total number of 
counts obtained at each station. 
Using the counter arrangements and 
tracer activities specified previously 
in this paper, a probability of 90 per 
cent existed that the maximum error 
at each station would be no more 
than + 1.8 saturation per cent. The 
over-all water saturation utilized for 
each relative permeability point was 
then taken as the average of the 
saturations of the six or more equally 
spaced stations. Reliable error or pre- 
cision of this average saturation 
would then be less than + 0.72 satu- 
ration per cent. 

As an independent check of the 
saturation measurements, it was noted 
that the radio-tracer saturations ob- 
tained at the low saturation end of 
the relative-permeability curves al- 
ways closely checked that obtained 
in conventional capillary-pressure de- 
terminations for the sample material. 


CONCLUSIONS 


1. The relative permeability of 


porous medium to water and oil, as 
obtained by the dynamic flow tech- 
nique, is a function of saturation and 
independent of flow rate, at all rates 
in excess of that required to saturate 
uniformly the core sample. Insuffi- 
cient data are presently available for 
generally correlating the permeability 
of porous media with the minimum 
flow rate required to eliminate the 
boundary effect. 

2. For a uniformly saturated core 
sample the relative permeability to 


either phase is independent of the 
non-wetting phase viscosity. 

3. The outlet boundary effect as 
calculated from a capillary-pressure 
curve and the effective permeability 
of the non-wetting phase agrees with 
that experimentally observed when 
only the non-wetting phase is flow- 
ing. 


The authors are indebted to J. W. 
Whalen and L. B. Lipson for their 
development of the neoprene entry 
gasket. They also wish to thank S. 
R. Faris and P.) PasReichertz “for 
their many helpful comments and to 
express their appreciation to the 
Magnolia Petroleum Co. for permis- 
sion to publish this paper. 


REFERENCES 


1. Josendal, V. A., Sandiford, B. B., and 
Wilson, J. W.: “Improved Multiphase 
Flow Studies Employing Radioactive 
Tracers,” Trans. AIME (1952), 195, 
65. 

2. Osoba, J. S., Richardson, J. G., Ker- 

- ver, J. K.,. Hafford, J. A., and Blair, 
P. M.: “Laboratory Measurements of 
Relative Permeability”, Trans. AIME 
(1951), 192, 47. 

3. Elkins, L. F.: Unpublished Communi- 
cation (1943); Pirson, Sylvain J.: 
Elements of Oil Reservoir Engineering 

- (1950) 3828. 

4, Caudle, B. H., Slobod, R. L., and 
Brownscombe, E. R.: “Further De- 
velopments in the Laboratory Deter- 
mination of Relative Permeability”, 
Trans. AIME (1951), 192, 145. 

5. Richardson, J. G., Kerver, J. K., Haf- 
ford, J. A., and Osoba, J. S.: “Labora- 


tory Determination of Relative Per- 


meability”, Trans. AIME (1952) 195, 
187. kkk 
43 


8004 


A Study of Anomalous Pressure Build-Up Behavior 
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A, 


In one field in South Texas, approximately 75 per 
cent of the pressure build-up results show a character- 
istic “hump” (i.e., the pressure builds up and then falls 
off) which makes interpretation by standard methods 
impossible. Correlation of size and time of hump with 
formation permeability, well productivity index, and 
method of completion led to the tentative conclusion 
that the humps were caused by segregation of gas and 
oil in the wellbore after closing-in*. This conclusion 
was confirmed by performance of simple laboratory 
bubble-rise experiments, by theoretical bubble-rise time 
calculations, and by a detailed calculation of PVT be- 
havior in the wellbore of a particuiar well on which 
accurate surface and bottom-hole pressure measure- 
ments were made. 

The hump behavior has since been found to occur 
in many other fields. The cause, however, is not the 
same in ail cases. In some of these the hump is trace- 
able to leaks in the tubing which allow influx of gas 
from the annulus after closing-in. In other cases the 
hump is traceable to leaks in the device separating pay 
horizons in dually completed wells. 

It is concluded that the recording of both surface 
and bottom-hole pressures is desirable in wells which 
show an anomalous build-up behavior. A number of 
field examples is discussed where use of both sets of 
measurements enables the cause for anomalous behavior 
to be found, and a reasonable interpretation of bottom- 
hole pressure to be made. = 


INTRODUCTION 


Theoretically the pressure build-up in an infinite reser- 
voir should be a linear function of In [(t + At)/At] 
where t¢ is the production time and At is the closed-in 
time. Some of the variations from this behavior are 
well known, such as the curved portion immediately 
after shut-in which results from after-production and 
skin effect, and the flattened end portion which results 
from boundary effects in a limited reservoir. The effect 
of stratified producing zones and irregular geometrical 
drainage patterns may also contribute unusual character- 
istics to build-ups. However, the effect of still another 
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phenomenon—that of movement of fluids within the 
wellbore—has been neglected in most build-up studies 
to date. Fluid movements within the wellbore after 
shut-in occur as a result of after-production, packer 
failures, leaks in the casing or tubing, or buoyancy of 
the gas phase when both gas and liquid are present in 
the well. Each of these‘ movements can influence the 
pressure build-up, sometimes sufficiently to negate use 
of the data for computing permeability or stabilized 
build-up pressure. Examples of each of these phenomena 
are discussed below. 


FIELD OBSERVATIONS ON HUMP BUILD-UPS 


In approximately 75 per cent of the wells in a 
medium-sized field in South Texas the pressure build-up 
curves rise to a maximum and then decline to what 
appears to be a stabilized reservoir pressure as shown 
in Fig. 1. Similar behavior has also been observed in 
wells in other fields in Texas and Louisiana. Because 
of the possibility of such behavior being a mechanical 
failure of the pressure bomb, two bombs were run in 
tandem into one well which had been known to exhibit 
this behavior. When both bombs recorded identical 
curves with the characteristic hump, it was inferred 
that the unusual build-up is a result of well or forma- 
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Fic. 1—Pressure Buitp-up, Sourn Texas 
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don behavior, rather than a recording instrument 
failure. 

In order to understand more fully the mechanism 
involved in these build-ups, a statistical study of 120 
of these humping build-ups in one South Texas field 
was made. The results indicate that the humps may be 
as large as 180 psi, have an average size of about 45 
psi, and always occur at the end of or shortly after the 
typical “swans-neck” part of build-up. The time of 
occurrence generally varies from 100 to 1,000 minutes 
after shut-in, with the greatest number of curves hump- 
ing at 300 to 400 minutes. In all cases in which the 
hump is later than 300 minutes, the steep part of the 
build-up is also late and there is a sizeable rate of 
build-up within 350 minutes of the maximum. 


Apparently, there is no correlation in this field be- — 


tween this unusual behavior and rate of production 
previous to shut-in, cumulative production, GOR, bot- 
tom-hole pressure, magnitude of pressure build-up, or 
structural position. However, core data indicate that 
humping does not generally occur in wells having an 
average permeability greater than 200 md. Similarly, 
wells with moderate permeability (50 to 100 md) may 
have anomalies which appear and disappear throughout 
the life of the well. 

A plot of magnitude of hump vs productivity index 
- (PI) is shown in Fig. 2. This plot shows that the humps 
are larger in wells with low PI’s. In addition, for any 
given well, the humps get larger as the PI’s get smaller. 
Thus, there is a possible relationship between presence 
of a skin zone (which would give a low PI) and size 
of hump. 


The presence or absence of a packer has a con- 
siderable effect on size and time of humping. The 
average size in wells having a packer is about 60 psi, 
whereas it is only 10 psi in wells without packers. The 
average time of humping is about 350 minutes in packed 
wells, and 500 minutes in non-packed wells. 


Summarizing all the facts obtained from this statis- 
tical study, it appears that for a hump to appear in 
the build-up it is necessary that the formation be only 
moderately permeable and have a low productivity 
index. The humps appear earlier and are of larger size 
when the annulus is packed-off. 

A physical explanation of many of the humps may be 
given in terms of a phase redistribution within the 
wellbore involving rise of the gas phase through the 
oil and counter flow of oil downward*; however, before 


*This possibility was suggested to one of the authors by A. B. 
Dyes of The Atlantic Refining Co. in 1950. 
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any application of this phenomenon is made to a well, 
a discussion of the theoretical effect of phase redistribu- 
tion will be made. 


THEORETICAL AND EXPERIMENTAL STUDIES 
ON PHASE REDISTRIBUTION 


STATIC THEORY AND EXPERIMENTS 


To illustrate the theory, suppose a frictionless piston 
separates a liquid phase above and a gas phase below 
in a cylinder. Assume the gas is weightless, the liquid 
incompressible, and the pressure at the top is A. The 
gas trapped below the piston then is at pressure A, plus ~ 
the pressure due to the fluid head of the liquid, P. When 
the cylinder is inverted so that the gas phase is at the 
top, the following pressures result. (1) Since the liquid 
is incompressible, the piston will not move and the 
gas will occupy the same volume; consequently, the 
gas will remain at the same pressure as before, (A + P). 
(2) The pressure at the bottom is now the pressure 
exerted by the gas on the top of the piston (A + P) 
plus the fluid head, P, making the total pressure 
(A + 2P). Thus, by changing the relative position of 
the phases in the column the absolute pressure at both 
top and bottom is changed. The difference between the 
top and bottom pressure remains constant, however, 
and equal to the weight of the fluids between the two 
points divided by the cross-sectional area. 

The experiment described above was made in the 
laboratory, and the results were found to be in good 
agreement with the above theory. 


DyNAMIC EXPERIMENTS 


Following this static-phase-demonstration experiment, 
a second experiment, which more closely simulated 
wellbore performance, was carried out using equipment 
shown in Fig. 3. The column was almost filled with 
glycerine, and with Valve B open and Valve C closed, 
air was introduced through the core at the base of the 
column. 


When the air bubbles were sufficiently dispersed 
throughout the column, the air supply (Valve A), and 
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the outlet at the top of the column (Valve B) were 
closed simultaneously. A total pressure build-up at 
both top and bottom of about 13 in. of water was 
observed, due simply to bubble rise. 

An explanation of the pressure rise in this case 
may be seen by considering the bubbles at the bottom 
to be compressed by the fluid head just as the gas is 
compressed below the piston. The subsequent rise of 
gas through the liquid lessens the pressure on the bubble 
due to fluid head, but because the gas cannot expand 
in the closed system, it exerts a pressure on the liquid 
at the gas-liquid interface. This pressure is transmitted 
to the bottom, and when added to the hydrostatic pres- 
sure, gives an additional pressure associated with bubble 
rise. 

Several runs of this.type were made in which the 
amount of gas initially at the top of the column and 
then the volume of bubbles contained in the liquid were 
varied. It was found that (1) the pressure build-up due 
to bubble rise is inversely proportional to some power 
of the top gas volume, and (2) the pressure build-up 
is directly proportional to the total volume of bubbles 
in the column. 

In order to reproduce more closely the effect of a 
pressure build-up in a well, an inverted flask contain- 
ing both glycerine and air was attached to the bottom of 
the column, this flask being analogous to the porous res- 
ervoir around the wellbore. Again air was flowed through 
the core and into the bottom of the column. This time 
the top valve was open, Valve C was slightly cracked, 
and the air pressure in the flask was adjusted to a 
value slightly above the flowing bottom-hole pressure. 
When a steady-state dispersion of bubbles throughout 
the column was reached, the air supply was shut-off and 
the top valve was closed. This time the pressure build-up 
resulted both from influx from the reservoir and from 
the bubble rise; however, the pressure build-up from 
bubble rise shortly after shut-in was so much greater 
than that from influx that the bottom-hole pressure rose 
above the reservoir pressure (see Fig. 4). This occurred 
because the liquid in the column was unable to flow 
back into the reservoir fast enough to prevent the 
anomalously high bottom-hole pressure caused by bubble 
rise. After rising above reservoir pressure the liquid in 
the column began to flow back into the reservoir until 
the bottom-hole pressure declined to the reservoir 
pressure. 


This model is an analog of a well having a high 
skin factor, simulated by the partly closed valve, and 
a considerable quantity of bubbles entrapped in the 
borehole liquid at shut-in. 
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ANOMALIES RESULTING FROM PHASE 
SEGREGATION 


ASSUMPTIONS USED IN CALCULATING 
WELL BEHAVIOR 
Temperature—Calculations take into account the 
effect of temperature gradient in a well on the volumet- 
ric properties of gases, but neglect the effect of chang- 
ing temperature on liquid properties. 
Supersaturation—Unless otherwise specified, the gas 
and oil are assumed to be in equilibrium at all times. 


Friction loss in tubing—The pressure drop in the 
tubing due to friction was negligible in all cases con- 
sidered in this report. 


Basic CALCULATIONS 

An approximation of the limiting upward velocity of 
bubbles is needed to determine the length of time during 
which phase redistribution may be expected to occur. 
These limiting values were taken from the correlation 
of Peebles and Garber.’ 


TIME OF BUBBLE RISE IN A SOUTH TEXAS WELL 


Assuming that no very small bubbles (i.e., radius 
< 0.0015 ft) occur, the minimum rate of rise obtained 
from this correlation is 0.35 ft/sec. Thus, the maximum 
time of rise in a 7,900-ft South Texas well is 377 
minutes. The maximum rate of bubble rise is 0.55 
ft/sec, which leads to a minimum rise time of 240 
minutes. 


Earlier it was stated that the humps in the South 
Texas field never were more than 350 minutes removed 
from a sizable rate of pressure build-up. To cause a 
sizable rate of build-up a considerable quantity of gas 
bubbles must have been entering the bottom of the 
hole within 350 minutes of humping. The time required 
for such gas to rise to the top is 240 to 377 minutes, 
the right order of magnitude to account for the hump. 


ANALYSIS OF BEHAVIOR OF 
SOUTH TEXAS WELL 1 


PRESSURE BEHAVIOR 


Bottom-hole pressure (BHP) build-up data on Well 1 
in a South Texas field were obtained by using the Shell 
Development Co.’s BHP telemetering device. This device 
allowed pressure to be measured to within less than 
0.5 psia on an accurate time scale. 


Fig. 1 shows the change in BHP (BHP after shut-in 
minus flowing BHP) and the change in tubing pres- 
sure (tubing pressure after shut-in minus flowing tubing 
pressure). The difference between these two curves is 
also plotted in Fig. 1. This difference curve is seen to 
rise, reach a maximum, and then decline to a constant 
value. Since the friction loss at any time is negligible, 
the value of the difference curve is proportional to the 
amount of fluid which has entered after shut-in be- 
tween the BHP bomb and the tubing head, regardless 
of the phase distribution. Any increase in the difference 
curve indicates an increase in mass of material in the 
tubing, and, conversely, a decrease indicates an out- 
ward flow of material from the tubing. Because this 


well has a packer, the fluid leaving the tubing can flow 
only into the formation. 


In view of these observations it is possible to analyze 
the pressure behavior shown in Fig. 1. The difference 


*References given at end of paper. 
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curve rises after shut-in, indicating a normal after- 
production into the wellbore; however, at 300 minutes 
the difference curve reaches a maximum. This time 
coincides with the time at which the BHP curve first 
reaches the eventual stabilized pressure. As one might 
expect, the direction of flow after the BHP exceeds the 
stabilized BHP is from the tubing into the formation. 
This is seen in the fact that the difference curve de- 
creases after the 300-minute point. The BHP continues 
to rise even after the pressure at this point exceeds the 
stabilized formation pressure because the pressure rise 
caused by rise of the gas occurs at a greater rate than 
the pressure decrease due to outflow. However, since 
no more gas is entering the tubing, the rate of pressure 
increase due to bubble rise finally decreases, and at 


390 minutes equals the rate of pressure decrease due — 


to outflow. This is the point at which the BHP reaches 
a maximum and begins its decline. After this time the 
tubing pressure will continue to increase, this rise being 
attributable to rise of the gas bubbles which last entered 
the tubing. When most of the gas has risen to the 
surface (500 minutes) the tubing pressure will finally 
begin to decline because of continued negative after- 
production. The final state of build-up is a stabilization 
of all three curves to constant values. 


TOTAL PRESSURE RISE CAUSED BY PHASE SEGREGATION 


The effect of phase redistribution on the South Texas 
Well 1 build-up discussed previously will now be com- 
puted by: (a) finding the amount of gas and oil in the 
tubing at the time of closing-in, (b) finding the rate 
and amount of after-production, (c) calculating the 
pressure increase caused by this after-production, and 
(d) attributing the difference between the observed and 
calculated pressure increase to phase redistribution. 


The amount of gas and oil in the tubing at time of 
closing-in is calculated by the method discussed in 
Appendix 1. The results indicate that at time of closing- 
in there were 2,910 ft of gas (at tubing conditions) 
and 4,990 ft of liquid in the tubing. 


The rate and amount of after-production are cal- 
culated in Appendix 2. Rate results are shown in Fig. 
5. The initial rate is about 20 ft/min, but this drops 
rapidly to about 1 ft/min at the end of 200 minutes. 
Note that the results do not follow the often-used 
assumption that the rate of influx is proportional to the 
rate of change of BHP. However, the mass rate of influx 
is proportional to the rate of change of the difference 
between tubing and bottom-hole pressure. To a good 
approximation the total volumetric rate of influx is 
also proportional to the rate of change of this same 
difference. This suggests that tubing, casing, and BHP’s 
should be measured during build-up when it is desired 
to make calculations of after-production for pressure 
build-up interpretation. Then by using the difference 
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between top-hole and bottom-hole pressures one cap 
calculate the rate of after-production accurately. 


Knowing the amount of after-production in any 
period, one may calculate the pressure increase caused 
by the addition of this volume of fluid to the volume of 
fluid in the tubing. This is the pressure increase due 
to compression. This influx also increases the BHP by 
virtue of its weight, which is reflected directly in the 
difference between tubing-head and bottom-hole pres- 
sure. If there were no disturbing factors, the pressure 
increase due to compression plus the pressure increase 
due to weight of this after-production should equal the | 
total increase in BHP. However, Curves A or B in 
Fig. 6 show that the sum of difference curve (which 
gives the pressure increase due to weight) and the 
pressure increase due to compression (obtained from 
Appendix 2) is always less than the BHP increase. 
This is true regardless of whether the gas in the tubing 
is assumed to go into solution or not. This indicates 
that another factor is causing a change in BHP. A plot 
of this factor (the difference between observed and 
calculated BHP) is also shown in Fig. 6 by Curves 
C and D. The curve for the case of solution equilibrium 
in the tubing (Curve C) closely resembles the experi- 
mental curve of pressure rise due to rise of bubbles. 
This analysis indicates that there may be a maximum 
total pressure increase due to bubble rise alone of about 
300 psi. However, a large part of this increase is masked 
by the pressure build-up, and only a small part (20 
psi) appears as a hump in this case. 


DISCUSSION OF HUMPING BuILp-UP 

It is believed that the preceding detailed analysis 
of behavior of South Texas Well 1 demonstrates the 
validity of the concept that phase segregation within 
the wellbore can cause an anomalous hump in the 
pressure build-up curve. The time required for bubble 
rise is of the right order of magnitude to account for 
the phenomenon. The difference curve indicates that 
liquid is pushed back into the formation. 
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The fact that wells without packers have smaller 
humps than wells with packers seems reasonable in 
view of our experiments with bubble-columns. There 
it was found that the amount of the pressure build-up 
caused by bubble rise diminished as the initial gas 
volume in the wellbore increased. Since the wells with- 
out packers have much more gas initially in the well- 
bore than wells with packers, they should have smaller 
humps. It was also observed that wells without packers 
had the hump later than wells with packers. This is 
reasonable because more influx will be required to 
bring the pressure in the wellbore up to that required 
to balance the reservoir pressure. 

Having concluded that bubble rise is probably the 
cause for most of the hump anomalies at this South 
Texas field, an examination of an anomaly slightly 
different than found in South Texas Well 1 was made. 


ANALYSIS OF BEHAVIOR OF 
SouTH TEXAS WELL 2 


An example of a well in which phase redistribution 
influences the build-up, but is not large enough to cause 
the BHP to exceed the reservoir pressure, is shown in 
Fig. 7 for South Texas Well 2. The difference curve 
for this well shows a maximum at about the same 
time as that for South Texas Well 1, indicating that 
wellbore conditions were similar at time of closing-in. 
However, the continued slow rise in pressure in Well 
2, which tends to mask the hump, indicates that the 
formation permeability around this well is somewhat 
lower than that around Well 1. 

On comparing the behavior of Well 2 with Well 1, 
it appears that there is probably an optimum perme- 
ability for humping; formations of low permeability 
will still be building up at the time of separation of 
most of the gas so that the hump may be partially 
masked, as in Well 2. In formations of high permeability 
and no skin effect, equilibrium can always exist between 
wellbore and formation with the result that no hump 
will occur, The optimum conditions appear to be found 
in formations of moderate permeability where there is 
a considerable skin effect. 


ANOMALIES RESULTING FROM TUBING 
OR PACKER LEAKS 


ANALYSIS OF BEHAVIOR OF 
NortH TEXAS WELL A 


This well exhibits a behavior slightly different from 
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the two previous examples, as shown in Fig. 8. The 
phase redistribution build-up occurs early, the tubing 
pressure reaching a maximum at about 120 minutes. 
This time the BHP exceeds the adjacent reservoir pres- 
sure so much that it reaches a maximum and humps 
even though the well has not built up to average reser- 
voir pressure. Following the temporary decrease, the 
build-up continues toward the stabilized reservoir pres- 
sure with the complication that a slow leak in the 
tubing head causes this pressure to decrease. To balance 
this decrease in tubing pressures, the difference curve 
increases, i.e., the well loads with liquid. Because the 
rate of this loading (after-production) will influence 
the BHP, it appears that a straight-line portion is not 
reached during this build-up. 


ANALYSIS OF BEHAVIOR OF 
WILLISTON BASIN WELL 1* 

Three build-up curves on two wells in a Williston 
Basin field showed an anomaly caused by leakage be- 
tween zones of different pressure. These wells were 
completed in two zones which were separated by a 


*This anomaly and its explanation were brought to our attention 
by A. Hols of the Sheli Oil Co. 
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casing packer. The tubing contained a nipple which 
allowed selective production of either zone through the 
tubing. In Well 1 initial production was obtained from 
the lower zone, a choke being used to seal off the 
upper zone. After some months it was decided to 
switch the productive interval to the upper zone to 
contorm to a recommended drainage pattern. Prior to 
this switch a build-up survey was conducted on the 
lower zone. Results are shown in Fig. 9. When the 
pressure differential between zones became small, the 
packing in the choke failed. Since the upper zone had 
already built up the annulus pressure, there was a rapid 
rise in pressure, as shown. 

After the choke was pulled, a separation tool was 
run for an upper zone recompletion. A build-up survey 
conducted some months later gave results very similar 


to those shown in Fig. 9. When the pressure differential ~~ 


between zones became small the packing in the separa- 
tion tool failed, which again caused an anomalous rise 
in pressure. 


ANALYSIS OF BEHAVIOR OF 
WEsT TEXAS WELL A 


The West Texas Well A build-up had an unusually 
high tubing pressure build-up in addition to other dif- 
ficulties which will be subsequently discussed. Since this 
was very much greater than the bottom-hole build-up, 
it appears that high pressure gas leaked from the casing 
into the tubing, thereby causing the tubing to unload. 
Such a redistribution can theoretically change the BHP 
if outflow from the well to the formation is restricted. A 
theoretical example (see Fig. 10) is calculated to show 
howa phase redistribution due to a tubing leak can 
affect the BHP. In this example the densities of gas 
and oil are assumed constant, and the casing volume 
is taken as five times the tubing volume. 

As shown in Fig. 10 the liquid level will rise 500 ft 
in the casing as the liquid levels in tubing and casing 
equalize (x = 500 ft). Since the number of moles of 
gas does not change, the new average gas pressure 
can be calculated to be 1,842.6 psi. The final BHP can 
be calculated from this and from the gradients. It is 
found in this manner that if there is no outflow, the 
final BHP will increase by 103.7 psi because of the 
leak. Thus, such a leak could seriously affect the slope 
of a pressure build-up curve. 


CONC L US TONS 


Phase redistribution within the wellbore can influence 
BHP behavior considerably, often leading to humps 
and irregularities. Optimum conditions for the forma- 
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tion of humps are encountered in formations of mod- 
erate permeability with some skin effect. Tubing and 
packer leaks can also cause humps. Measurement of 
surface tubing and casing pressure during build-up can 
be of aid in helping to unravel the cause of apparently 
anomalous behavior. Development of a bottom-hole tool 
which would allow the well to be shut-in near the 
bottom just above the pressure bomb would eliminate 
many anomalies. 


As was noted in Fig. 5, because of disturbing effects 
of bubble rise and of compression of the fluid in the 
wellbore, the rate of influx after closing-in may not be 
proportional to the rate of change of BHP. In this ~ 


light our method of making inflow calculations should 
be re-examined. 


MLE N.C.L A 


BHP = bottom-hole pressure 


GOR = gas-oil ratio, scf of gas produced per barrel 
tank oil 
GLR = gas-liquid ratio, the ratio in a small interval of 
tubing of total volume of gas (free and 
dissolved) when measured at standard con- 
ditions to volume of stock-tank oil, scf/bbl 
TP = tubing pressure 
G = gas after-production into bottom of tubing 
ft’/ft? cross section 


H = height of a point in wellbore above bottom of 
pay, ft 
AH = incremental height in wellbore, ft 
H, = height of oil column in wellbore, ft 
L = liquid after-production into bottom of tubing, 


ft?/ft? cross section 
Ap = pressure drop, or difference, psia 


AP. = pressure rise due to compression of fluid in the 
wellbore by after-production, psia 


V, = total volume of gas in tubing at time of closing- 
in, ft*/ft’ cross section 
V,. = the volume occupied by oil when saturated 


with gas at some temperature and pressure 
relative to its volume at bubble point con- 
ditions. 
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APPENDIX 1 


GAS AND OIL IN TUBING AT TIME OF 
CLOSING-IN 


It is possible to approximate the volume of gas and 
oil in the tubing at flowing conditions assuming PVT 


*See AIME symbols List in Trans. AIME (1957) 207, 368, for 
other symbol definitions. 
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equilibrium at all points, neglecting friction drop, and 
assuming that the GLR* (the ratio of standard cubic 
feet of free and dissolved gas to barrels tank oil) is 
the same in any interval in the column. 


With the above assumptions one may solve, by trial 
and error, for a curve of pressure vs depth which fits 
the known surface and bottom-hole flowing pressure. 
For South Texas Well 1 it was found that the cal- 
culated curve of pressure vs depth fits the observed 
end points when a gas-liquid ratio equal to 455 scf/STB 
is used (the flowing GOR was 700). In the final cal- 
culation the effect of a temperature gradient from 
246 to 130°F at tubing head was included. These 
results were only slightly different from those assuming 
constant temperature of 246° F in the flowing tubing 
system. 

From this same set of calculations the gas saturation 
at any level, and, therefore, the total amount of gas, 
can also be found. For South Texas Well 1 it was 
found that there are 2,910 ft of free gas and 4,990 ft 
of liquid in the tubing under flowing conditions. 


It is realized that the assumption of a constant gas- 
liquid ratio throughout the tubing is not necessarily 
true. However, the method seems to give reliable results 
in South Texas wells, as will be discussed more fully 
in Appendix 2. At this point it should be mentioned, 
however, that the curve of pressure vs depth obtained 
above has a shape similar to the curves obtained by 
Gilbert’ from field measurements. 


APPENDIX 2 


RATE AND AMOUNT OF AFTER-PRODUCTION 


RATE OF AFTER-PRODUCTION 


The difference between the change in bottom-hole 
pressure and the change in tubing pressure may be 
related directly to the amount of material flowing into 
the well. If the flowing gas-oil ratio is assumed to per- 
sist after shut-in**, the incremental difference relation- 
ship is: 

A(Ap) _ A(ABHP — ATP) 
At At 
AG AL 


pa 


where 


*Note that the gas-liquid ratio (GLR) is not the same as the 
flowing gas-oil ratio (GOR) at steady state. The GOR at stand- 
ard conditions of the total fluid entering the tubing at the bottom 
must be the same as the GOR at standard conditions of the total 
fluid leaving the tubing at the top. Because of liquid hold-up the 
GLR at standard conditions in the tubing is not the same as the 
flowing GOR. It is possible, for example, to have many feet of 
water in the tubing, and yet never produce any liquid water. 

**Using calculations of pressure and saturation distribution in a 
depletion-type reservoir, made on the IBM 701 computer by Per- 
rine’, West, Garvin, and Sheldon*, and Mueller, Warren, and West’, 
it was found that the flowing GOR (when measured at surface 
conditions) is very nearly constant throughout a flowing reservoir. 
Therefore, when the reservoir is closed-in, the outlying gas and oil 
should continue to flow in at the same GOR. 
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rate of oil after-produc- 
tion at tubing conditions 


rate of free gas after- 
production, at tubing 
conditions 


By solving these two equations simultaneously we may 
obtain AL/At and AG/At . By summing the AL's and 
the AG’s we obtain the total liquid and gas after- 
production, L and G. iy 

Using this method of calculation, the net liquid 
after-production is found to be 1,218 ft (1,317-ft posi- 
tive after-production and 99-ft negative). Fig. 5 gives 
a plot of rate of total influx vs time in minutes. 

If a gradient survey had been made while the bomb 
was being removed from South Texas Well 1, it would 
have been possible to check on some of these calcula- 
tions by comparing the calculated and measured gas- 
oil interface in the tubing. Although no gradient survey 
was available on South Texas Well 1, one was available 
on South Texas Well 2, which may be closely com- 
pared since the two wells have similar GOR, rate of 
production, and depth. In this well the amount of gas 
was ascertained to be 1,700 ft at the end of the build- 
up. In the previous calculation for South Texas Well 
1 the amount of gas at the beginning of shut-in was 
found to be 2,910 ft. Subtraction of the net after-pro- 
duction of 1,218 ft of liquid gives the height of 
gas remaining at the end of the South Texas Well 1 
build-up—1,692 ft. The fact that this calculated height 
checks closely with that found by gradient survey in 
Well 2 indicates that these calculations are approxi- 
mately correct. 


AG/At. B; (GOR,.— 


COMPRESSION CAUSED BY AFTER-PRODUCTION 

Knowing the cumulative volume of oil and gas 
flowing into the well at any time, the compression of 
the gas phase and the consequent increase in tubing 
head pressure can be calculated from 

PV, 
= (1) 
where V, is the volume of gas in tubing when flowing, 
ft’/ft’ area; p, is the flowing gas pressure at tubing head; 
and p, is the final gas pressure at tubing head. 

If it is decided to take solution of gas into account, 
G is replaced by G’ in the above equation, where 
Se = G — (decrease in gas volume due to solution — 
increase in oil volume) = G — (AV, — AD.). 

The volume of gas going into solution per unit cross 
sectional area is: 

[dR.] ApH.B, 
dp | /5.61-B, 

The increase in oil volume per unit cross sectional 

area 1s: 


D2 


Vis ; 

where R, is the dissolved gas, H, is the feet of oil in 

tubing, and Ap is the average pressure change. 
Results of these calculations are used in plotting 


Fig. 6, where Ap’. is obtained from Eq. 1 by substitut- 
ing G’ for G. kkk 


Av, = 
4p 
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ABS TRA CT 


A mathematical analysis has shown that the primary 
factors affecting the deposition of cement in unfractured 
perforations during squeeze-cementing operations are: 
the properties of the cement slurry, the geometry of the 
perforations, and the filtration time. The validity of the 
analysis has been substantiated by laboratory investiga- 
tions. 

The information presented in this paper makes pos- 
sible the prediction of the rate of deposition of cement 
in and about unfractured perforations under given 
squeeze-cementing conditions, the proper filtration time 
to control the amount of deposition to any desired value, 
and the deposition properties needed in cement slurries 
to restrict to any desired degree the formation of nodes 
of cement solids inside the casing. 


The deposition of solids against a permeable medium 
by the process of filtration is an important property of a 
cement slurry. General recognition of the role of filtra- 
tion in the use of cement in wells is evident in view of 
the fact that several patents on low-water-loss cements 
have been issued during the past few years. 

In the conventional, high-pressure squeeze-cementing 
technique, a large volume of cement slurry is usually 
displaced into the area surrounding the perforated inter- 
val after the formation has been fractured hydraulically.’ 
Near the end of the job, the pumping rate is slowed or 
stopped intermittently in an effort to obtain a high pres- 
sure in the wellbore. The way in which a high pressure 
is obtained is not understood thoroughly, but it is be- 
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lieved to be caused by the deposition of a rigid mass of 
compacted cement particles either in the fractures of 
the formations or inside the casing opposite the per- 
forated interval. In a method of squeeze-cementing 
introduced several years ago, a small amount of cement 
slurry is squeezed into the perforations at a low pres- 
sure to avoid fracturing the formation.** The filling 
of the unfractured perforations with cement particles 
by the process of filtration is important to the success 
of this technique. 

Early in the development of this low-pressure squeeze- 
cementing technique, laboratory and field-size experi- 
ments showed that conventional, neat cement slurries 
were unsatisfactory if the tubing was extended into or 
through the perforated section of the casing.”” The 
extremely high filtration rate of neat cement slurries 
caused the deposition of a compacted mass of cement 
inside the casing and made it impossible to remove 
excess cement by reverse circulation and difficult to 
withdraw the tubing. Because the need for cements 
with a reduced filtration rate was obvious and urgent, 
modified cements containing 12 per cent bentonite 
were used until research was completed on modified 
cements containing 25 per cent bentonite." These modi- 
fied cements were useful in the solution of the imme- 
diate problem, but the following questions remained 
unanswered: (1) what is the optimum filtration rate of 
cement slurries for this application, (2) how long 
should the squeeze pressure be applied, and (3) how 
great are the effects of squeeze pressure and well tem- 
perature on the rate of deposition? Furthermore, the 
relationship of the filtration properties of cement slur- 
ries to the dimensions of the perforations and the 
wellbore was unknown. In order to obtain information 
relative to these basic considerations, a systematic evalu- 
ation of all the factors involved in the deposition of 
cement during low-pressure squeeze-cementing opera- 
tions was initiated. Although the work was directed 
toward an evaluation of the factors influencing the 
deposition of cement in the low-pressure squeeze- 


5] 


cementing technique, much of the information is applic- 
able in high-pressure squeeze-cementing operations. 
The initial phase of the present investigation was a 
study of the properties of cement slurries that influence 
the deposition of cement by filtration. This phase in- 
cluded a theoretical study to determine what proper- 
ties were important in defining the deposition of solids 
from cement slurries and laboratory tests to determine 
characteristic values of these properties. The second 
phase was the application of these general filtration 
principles to the specific case of the deposition in un- 
fractured perforations. After mathematical relation- 
ships between the slurry properties defined in the first 
phase of the investigation and the geometry of perfora- 
tions were developed, the validity of these correlations 
was investigated by making tests under conditions simu- 
lating those encountered in the squeeze cementing of 
unfractured perforations. The mathematical analysis, the 
results of the tests to evaluate its validity, and ways to 
use the information to predict the deposition of cement 
in squeeze-cementing operations are presented in this 


paper. 
MATHEMATICAL ANALYSIS 


The most pertinent features of a mathematical analy- 
sis of the factors affecting the rate of deposition of 
solids in unfractured perforations by filtration are pre- 
sented in the following discussion. 


DEVELOPMENT OF THE LAW OF 
FILTER CAKE FORMATION 
In a suspension, such as a cement slurry, the fraction 
by volume of solids, f, is defined as: 
V~ We 
Ve 
where V,, V, and V are the volumes of the solids, 
liquid, and suspension, respectively. If the composition 
of the slurry is unchanged by the filtration process, the 


thickness of the filter cake, dS, having a porosity, ¢, . 


which is deposited when a volume of filtrate, dQ, passes 
through a given plane permeable surface of area, 4, 
may be expressed by the following equation: 


f dQ 

(2) 

The “deposition constant”, w, is defined as 

and the “law of filter cake formation” may be written 
in the form: 

dS 


where q is the volumetric flow rate of filtrate per unit 
area of surface, and dS/dt is the rate of increase of 
filter cake thickness. 


GROWTH OF A PLANE FILTER CAKE 


If a filter press arranged to contain a slurry in con- 
tact with a plane permeable surface of area, A, is used 
to obtain a pressure differential between the suspension 
and the exterior of the permeable filtering surface, the 
filtrate begins to pass through the permeable surface, 
and the residual solids form a filter cake on the per- 
meable surface. If the compressibilities of the filter 
cake, the filtrate, and the permeable surface are neg- 
lected, and the flow obeys Darcy’s law, then Darcy’s 
law and the law of continuity may be combined to 
give: 
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as the differential equation which describes the pressure 
distributions. Here, k is the permeability of the filter 
cake, and 1 is the viscosity of the filtrate. If the assump- 
tions are made that the permeability of the filter cake is 
uniform and that the pressure drop through the per- 
meable filtering surface is negligible, boundary condi- 
tions may be set and proper integrations made. The 
integrated form and Darcy’s law then are used to give. 


q 


where AP is the pressure differential. After this value 
of q is inserted into Eq. 4, it is integrated with S = 0 
at t = 0, and the following equation results: 


for the growth of the filter cake thickness with the 
filtration time, t. From Eqs. 6 and 7 it can be shown 
that the rate of filtration as a function of time is 


Zou 


When Eq. 8 is multiplied by the area, A, and integrated 
with respect to t with Q = 0 at t = O, the cumulative 
volume of filtrate as a function of filtration time is ob- 
tained: 


The simultaneous solution of Eqs. 7 and 9 gives 

and 

A 


Eqs. 10 and 11 may be used with data from filter 
press experiments to calculate k and w, where t = T,;— 
i.e., filtration time of the experiments. Also, if /, the 
fraction by volume of solids in the suspension, is known, 
the porosity of the filter cake can be determined by 
means of Eq. 3. 


RATE OF DEPOSITION OF SOLIDS IN 
UNFRACTURED PERFORATIONS 


For an analysis of the filling of an unfractured per- 
foration with solids deposited from a suspension by 
filtration, the geometry of the perforation is considered 
to be as shown in Fig. 1. In this analysis the filter cake, 
the filtrate, and the formation are considered to be 
incompressible. Also, the depth of the perforation is 
considered to be large in relation to its diameter. When 
the depth of the perforation is at least four times 
greater than the diameter, the depth of the perforation 
has a negligible effect upon the deposition process. For 
an approximate analysis, the filtration process is divided 
into two portions, one in which radial filtration pre- 
dominates and a second in which linear filtration pre- 
dominates. 

If the pressure drop in the formation is assumed to 
be negligible, the following expression is obtained for 
q at the suspension-filter cake interface during the 
radial filtration stage through the use of Darcy’s law 
and the equation of continuity. ‘ 


& 
ula —S) In 
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Op = 
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When this expression for qg is inserted into Eq. 4, the 
following equation is obtained: 
dS kw AP 


dt 
2] 


When Eq. 13 is integrated with =0 at t= 0 and 

=a at t= T,, the time to fill by radial filtration that 
portion of the perforation bounded by the porous for- 
mation is obtained. 


In the second stage the portion of the perforation 
bounded by the primary cement and the casing is being 
filled, and the flow in this part of the perforation is 
essentially linear. It is assumed that the primary cement 
sheath is completely impermeable. However, deviation 
from linear flow occurs in the region of the perfora- 
tion bounded by the formation. This flow can be ap- 
proximated by replacing this part of the perforation 
with~a disk of radius, a, and thickness, «a (i.e., a frac- 
tion, «, of the perforation radius) through which the 
flow is linear. When Darcy’s law is applied, the fol- 
lowing equation for q is obtained: 


kAP 
When this is inserted into Eq. 4, the expression, 
dS xia ko AP 1 
is obtained. When Eq. 16 is integrated with the condi- 
tions S = 0 at t= 0 and S = FH at t = T., where H is 
the combined thickness of the cement sheath and casing, 


H 
Es ko AP 2 


is obtained for the time required for the second stage 
of plugging. 

Thus, the total time required to build a filter cake 
flush with the inside of the casing is 

H a 
It is necessary to determine the empirical constant, «, 
from the fitting of Eq. 18 to experimental observations. 
A value of 0.25 was found to fit the results of many 
experiments conducted under a variety of test condi- 
tions. 

The variables related to the deposition properties of 
a cement slurry occur only in the grouping, p/kwAP, 
hereafter called the “composition factor”. The value 
of this factor for a particular slurry can be obtained 
from the results of filtration experiments in a high- 
pressure filter press by use of the following equation, 
which is obtained by combining Eqs. 10 and 11. 


ko AP 


(13) 


(16) 


T=T, + 
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RATE OF DEPOSITION OF SOLIDs INSIDE THE 
CASING FOLLOWING PERFORATION FILL-UP 


After a perforation is filled flush to the inside casing 
face, continued application of squeeze pressure causes 
the deposition of solids to form a node of filter cake 
over the perforation. A rigorous analysis of the for- 
mation and growth of a node inside the casing to pre- 
dict the shape and size of the node as a function of 
time presents extreme difficulties and is impractical. The 
analysis is greatly simplified if the shape of the node 
is assumed. From observation of nodes it appears rea- 
sonable to assume that the node is spherical at every _ 
stage of growth. Also, it seems reasonable to assume 
that the lateral growth occurs at the same rate as the 


vertical growth. With these assumptions, the following 


relationship between the height and the radius of curva- 
ture of the node is obtained: 
2h 
A sketch illustrating the geometry of the node and 
defining the symbols used is shown in Fig. 1. Note that 
for zero node height, h = 0, the radius of curvature, 
ro, is infinite. Spherical flow of the filtrate is assumed to 
exist between the node surface and a spherical surface 
intersecting the edge of the perforation. The radius 
of curvature of this surface is denoted by +r, in the 
sketch. The radius, x,; can be expressed in terms of r, by 


In this spherical region the pressure must satisfy the 
equation, 


(20) 


or 
which has a solution of the form, 


A and B teing constant with respect to r. Here r is the 
radial coordinate of the spherical coordinate system 
with the center at Point B in the sketch. 

The flow of filtrate within the perforation is assumed 
to be approximately linear from the surface of radius, 
r,, and a plane at the distance, «a, below the plane of 
contact of formation and primary cement. This is the 
same « introduced in the previous section. The height 
B of the surface of radius r, above the casing face is 
given by 


Thus, a linear pressure gradient exists over the distance, 

When the linear flow and spherical flow are com- 
bined, the flow rate per unit area into the node 1s 
obtained: 

1 


(25) 


Combining Eq. 25 with the deposition law gives 


(26) 


When r,, and are expressed in terms of h, Eq. 26 
can, in principle, be integrated to give h as a function 
of time. However, it is much more practical to do the 
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asing 
= 


integration numerically on a high speed digital com- 
puter, such as the Bendix G-15. 

Note that when Eq. 26 is integrated with h = O at 
t = 0, the result gives the time elapsed from fill-up to a 
height of node, h. The time required for fill-up, as given 
by Eq. 18, must be added in order to have the total 
squeeze time. 

The above integration has been done on the Bendix 
G-15 computer with the value of « taken as 0.25. The 
results, including fill-up time, are plotted in Fig. 2 as 

T 
with h/a as the parameter. Note that T is the total 
filtration time. Thus, on the given curves of Fig. 2 at 
h/a = 0 the value of T is the time required for filling 
the perforation flush to the inside of the casing. 

Consistent cgs units have been assumed throughout 
the mathematical analysis just presented; however, the 
factors related in Fig. 2 may be expressed either in 
consistent cgs units or in the usual field units. 


> 


LABORATORY INVESTIGATION 


The mathematical analysis just discussed showed that 
all of the variables related to the deposition properties 
of the cement slurry are contained in the composition 
factor, /kwAP. This analysis showed also that the 
permeability, k, and the deposition constant, w, may be 
determined by measuring the filter cake thickness, S, 
and the cumulative volume of filtrate, O, obtained when 
a cement slurry in contact with a plane permeable sur- 
face of area, A, is subjected to a given pressure differ- 


LEGEND 
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Tis filtration time in... 
7kWAP is composition factor of 
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oF SOLIDS IN AND Agout UNFRACTURED CYLINDRICAL 
PERFORATIONS. 


ential, AP, for a given time, T,. The objective of the 
laboratory tests to be described was to determine the 
effect of temperature and pressure differential on the 
deposition constants and the permeabilities of cement 
slurries. 


EFFECT OF TEMPERATURE AND PRESSURE 
DIFFERENTIAL ON THE PERMEABILITIES OF THE 
FILTER CAKES AND ON THE DEPOSITION 
CONSTANTS OF CEMENT SLURRIES 

Two cementing compositions which are presently 
used in the field in low-pressure squeeze-cementing 
operations were tested. These compositions were the 
modified portland cements containing either 12 or 25 
per cent bentonite.° 

PROCEDURE 

A 1-qt Waring blendor was utilized to mix the cement 
slurries. A Baroid high-pressure, high-temperature filter 
cell, modified so that the deposited filter cake could be 
removed, was used to measure the filtration rates and 
deposition properties of the slurries. Also, the top valve 
stem was altered so that the filter cell could be con- 
nected to a nitrogen cylinder. 

The tests were made at room temperature (78°F) and 
at 180°F with several pressure differentials between 100 
and 1,500 psi. If the test temperature was above room 
temperature, the filter cell containing the test slurry was 
heated to the desired temperature before pressure was 
applied. At the completion of the filtration period the 
deposited filter cake was removed from the cell and 
washed under a gentle stream of water until no more 
deposited solids were removed. The thickness of the 
cake was measured to the nearest 1/32 in. The cumu- 
lative volume of filtrate to the nearest 0.5 cc was ob- 
served and recorded. 

From the filtration data the permeability of the de- 
posited filter cake and the deposition constant of each 
cement slurry were calculated using Eqs. 10 and 11, re- 
spectively. 

RESULTS 

The effect of pressure differential on the permeabili- 
ties of cement filter cakes deposited at temperatures of 
78 and 180°F by each of the two cement compositions 
is shown in Fig. 3. It is evident that the permeability 
decreases as pressure differential increases. At a pres- 
sure differential of 800 psi the filter cake permeabili- 
ties begin to level off, and above 1,000 psi the effect of 
pressure is very slight. Fig. 3 shows also that for pres- 
sure differentials in excess of 800 psi the permeability 
of the cement filter cakes is approximately the same at 
78 and 180°F. This indicates that the permeability of 
a deposited cement filter cake is not dependent upon 
temperature. 

The effect of pressure differential at temperatures of 
78 and 180°F on the deposition constants of the ce- 
ment slurries is presented in Fig. 4. This figure shows 
that the values of the deposition constants decrease 
slightly with increasing pressure differential, but above 
about 800 psi the effect of pressure differential is negli- 
gible. It is also evident that the deposition constant 
of each of the cement slurries is independent of the test 
temperature. 


EFFECT OF TEMPERATURE AND PRESSURE 
DIFFERENTIAL ON THE COMPOSITION FACToRS 
OF MopIFIED PoRTLAND CEMENTS 


Additional tests were made with the modified port- 
land cements containing either 12 or 25 per cent ben- 
tonite and varying concentrations of calcium lignosul- 
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fonate. In these tests the laboratory mixing was adjusted 
to give as nearly as possible slurries having the same fil- 
tration rates as those obtained in the field, so that the 
information developed could be used as a guide for field 
work. 

PROCEDURE 


A 5-qt Waring blendor was employed for preparing 


the cement slurries. The same Baroid high-pressure, 
high-temperature filter cell (described in the previous 
section) was utilized to determine the filtration rates 
and deposition properties of the cement slurries. These 
“tests were conducted at pressure differentials of 800 
psi and above. 

In order to obtain filtration results in the laboratory 
which were comparable to those obtained in the field, 
the volume of slurry prepared for each test was just 
sufficient to cover the mixing assembly in the bottom 
of the blendor. The mixing procedure was as follows. 
The calcium lignosulfonate was added to the mix water 
and agitated vigorously for one minute, the dry blend 
of cement and bentonite was added while the blendor 
was set at a slow speed, and then the blendor was 
turned to the maximum speed for two minutes. Because 
the violent agitation caused some air to be entrained in 
the slurry, the slurry was placed in a plastic jar and 
evacuated for 10 minutes prior to making the filtration 
test. 

The filtration tests were made in the same manner 
as described previously. In tests conducted at 250°F, 
the filtrates were collected in a stainless steel cylinder 
immersed in an ice bath and maintained at a pressure of 
50 psi. 

Samples of filtrate were collected from several modi- 
fied cement slurries filtered at 78, 180, and 250°F. The 
viscosities of these samples and that of tap water were 
measured with an Ostwald viscosimeter at several tem- 
peratures. 


From the filtration data the permeability of the de- 
posited filter cake, the deposition constant, and the com- 
position factor of each slurry were calculated using Eqs. 
10, 11, and 19, respectively. 


RESULTS 


The data presented in Table 1 show the effect of tem- 
perature and pressure differential on the filtration and 
deposition properties of modified cement slurries. To 
illustrate the effect of temperature on the composition 
factors of the two modified portland cements, pertinent 
data from Table 1 are presented graphically in Fig. 5. 
These data show that at pressure differentials of 800, 
1,000, and 1,400 psi the composition factors are ap- 
proximately the same at a given temperature, and that 
the effect of temperature is related to the change in the 
viscosity of the filtrate with temperature. The similarity 
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_of the curves for the composition factors and for the 


viscosity of water, plotted in Fig. 5, vividly demon- 
strates that changes in the composition factor result 
primarily from changes in the viscosity of the filtrate. 

The viscosities of the filtrate samples which were col- 
lected from the modified cement slurries were found to 
be the same as that of water when they were compared 
at the same temperatures. 


Since the effect of temperature on the product, kwAP, 
is slight, and since the viscosity of the filtrate is the 
same as that of water, the value of the composition fac- 
tor, u/kwAP, at a given squeeze-cementing temperature 
can be calculated from a value measured at any tem- 
perature. This is done by multiplying the measured value 
of /koAP by the ratio of 4,/1, where p, is the viscos- 
ity of water at the squeeze-cementing temperature, and 
i, 1s the viscosity of water at the temperature of the test. 


COMPARISON OF PREDICTED AND EXPERIMENTALLY 
OBSERVED RATES OF DEPOSITION OF 
CEMENT IN UNFRACTURED PERFORATIONS 


After the composition factor of the cement slurry is 
determined, the information presented in Fig. 2 may be 
used to predict the rate of deposition of cement in un- 
fractured perforations. The objective of the tests to be 
described was to determine the validity of the correla- 
tions in Fig. 2 in predicting the filling of an unfractured 
perforation with cement and the subsequent building of 
a node of cement over the perforation. 


PROCEDURE 


To simulate an unfractured perforation, a test set- 
up similar to the one shown in Fig. 6 was used. As de- 
picted in this figure, a sandstone core was cemented with 
Hydromite inside a short section of 41%2-in. drill pipe 
with a steel plate welded over one end. The plate and 
core were drilled to a depth of approximately 4% in. to 
simulate a well perforation. In order to have a thick- 
ness, H, of known dimensions, a section of pipe equal 
in length to the combined thickness of the steel plate 
and Hydromite was fitted tightly through the drilled 
steel plate on several of the core targets. 


In these simulated squeeze-cementing tests, which 
were conducted at 78°F, a 22-in. length of 412-in. ID 
aluminum pipe was fastened to the perforated end of 
the core target and filled with the test slurry. Nitrogen 
pressure was applied to the surface of the cement slurry 
for a given period of time to deposit a filter cake in 
the perforation. At the completion of the test the per- 
forated target was disconnected from the reservoir, the 
area around the perforation was washed under a gentle 
stream of water, and the height of the deposited cement 
filter cake in relation to the inside face of the steel 
plate_was measured to the nearest 1/32 in, 


a 
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TABLE 1—EFFECT OF TEMPERATURE AND PRESSURE DIFFERENTIAL ON FILTRATION AND DEPOSITION PROPERTIES OF MODIFIED NORMAL PORTLAND 
CEMENT SLURRIES : 
(Prepared in a 5-qt Waring blendor to simulate field mixing) 


Additives (wt. per 
cent of Cement) 


Filtration Data using Baroid Filter Cell 


Composition 


Water Content AP! Water Loss Test Pressure Filtration Volume of Filter Cake Deposition Permeability Factor 
Calcium Gal Water per at 78° F Temperature Differential Time, Ty Filtrate Thickness Constant Filter Cake 2 

Bentonite Lignosulfonate Sack Cement  (cc/30 min’) (CF) A\P (psi) (min) Q (cc) S (in.) w k (md) ka AP 
12 0.6 10 824 78 800 10 39 0.75 1.16 0.042 35.8 
12 0.6 10 80 78 1,000 10 38 0.78 1.27 0.034 S23 
12 0.6 10 80 78 1,400 10 42.5 0.80 1.13 0.028 31.4 
12 0.7 10 71 180 800 5 44 0.88 1.20 0.044 13.0 
12 0.7 10 74 180 1,000 5 49 0.86 1.05 0.038 13.8 
12 0.7 10 72 180 1,400 5 51 0.92 1.08 0.031 REZ 
12 1.6 10 47? 250 800 5 50.5 0.85 1.00 0.032 14.3 
12 1.6 10 45 250 1,000 5 52 0.96 RUG 0.030 10.7 
12 1.6 10 _ 250 1,400 5 62 1.00 0.97 0.027 10.0 
25 12 16 43¢ 78 800 15 22.5 0.36 0.968 0.008 225.6 
25 1.2 16 39 78 1,000 15 22 0.36 0.982 0.006 228.3 
25 12 16 42.5 78 1,400 15 24 0.38 0.939 0.005 212.1 
25 1.4 16 38 180 800 10 32 0.50 0.942 0.009 79.7 
25 1.4 16 38 180 1,000 10 33.5 0.52 0.930 0.008 75.0 
25 1.4 16 36.5 180 1,400 10 35 0.53 0.913 0.006 TEN S/ 
25 1.6 16 33.5 250 800 10 43 0.64 0.900 0.011 46.3 
25 1.6 16 32 250 1,000 10 46 0.64 0.840 0.009 48.6 
25 1.6 16 32 250 1,400 10 46.5 0.69 0.890 0.007 42.0 


JAP] water loss results reported on field slurries prepared with small, batch-type mixer: 
“Cement containing 12 per cent bentonite + 0.6 per cent calcium lignosulfonate: 90 cc/30 min. 
Cement containing 12 per cent bentonite + 1.2 per cent calcium lignosulfonate: 45 cc/30 min. 
Cement containing 25 per cent bentonite + 1.2 per cent calcium lignosulfonate: 38 cc/30 min. 


Prior to squeezing the perforated core, the compo- 
sition factor of the test slurry was determined by filter- 
ing a portion of the slurry in the Baroid high-pressure, 
high-temperature filter cell. Using the composition fac- 
tor obtained and the correlations in Fig. 2, the filtra- 
tion time for the test was calculated. 


RESULTS 


The results of the simulated squeeze-cementing tests 
are presented in Table 2. For convenience in evaluating 
the difference between the calculated and measured 
node build-up, certain data from Table 2 are plotted 
in Fig. 7. 

It is noted from Fig. 7 that each test result is within 
0.25 in. of that predicted by calculation. Tests 1, 2, 6, 
10, and 12 show excellent agreement. It is believed that 
the excessive node build-up on Tests 4 and 5 occurred 
because the Hydromite cement between the perforated 
steel plate and the sandstone core was cracked. The re- 
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sults which showed the measured node height to be less 
than the predicted node height may have resulted from 
removal of a part of the node in the washing process. 
The fact that the top portion of a cement cake is soft 
and hence poorly defined makes it difficult to measure 
the node height accurately. This same difficulty is ex- 
perienced, of course, in measuring the cement filter cake 
thickness, S, used in the calculation of the composition 
factor. In view of the possible errors in these measure- 
ments, the data presented in Table 2 and in Fig. 7 are 
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believed to substantiate adequately the theory of ce- 
ment deposition in unfractured perforations during 
squeeze-cementing operations. 


USE OF RESULTS TO CALCULATE THE RATE 

OF DEPOSITION OF CEMENT IN SQUEEZE- 

CEMENTING OPERATIONS AND TO SELECT 
CEMENTS FOR FIELD USE 


The results of this investigation show that the pri- 
mary factors affecting the rate of deposition of ce- 
ment in unfractured perforations are: (1) the compo- 
sition factor of the cement slurry, (2) the geometry of 
the perforations, and (3) the filtration time. These three 
factors are related to each other as shown in Fig. 2. 


The value of the composition factor, »/kwAP, for — 


pressure differentials of 800 psi and above depends pri- 
marily on the squeeze-cementing temperature. The tem- 
perature dependence arises principally as a result of 
the variation in viscosity of the filtrate, », with tem- 
perature. If the viscosity of the filtrate is the same as 
that of water, a temperature correction can be easily 
made in the manner previously described. 

It should be emphasized that the value of the com- 
position factor for a cement slurry is very sensitive to 
the method of mixing. Therefore, the most accurate 
composition factor can be obtained from tests on a sam- 
ple of the field-mixed slurry in a Baroid high-pressure 
filtration assembly. This test should be made with a 
minimum pressure differential of 800 psi. 

The importance of the geometry of the perforations 
must be emphasized because of its effect on the rate of 
node build-up during squeeze-cementing operations. The 
most important characteristic of the perforation ge- 
ometry is the combined thickness of the primary ce- 
ment sheath and the casing wall, H. Although this thick- 
ness is never known precisely, it is known within cer- 
tain limits which are defined by the size of the cas- 
ing and the size of the borehole. It is rarely, if ever, the 
same for all perforations because the casing may be 
off-center and the diameter of the borehole may be 
irregular. Consequently, the value of H for any perfora- 
tion can be known only within a certain range. The 
minimum value for H results when the casing is 
against the borehole wall, in which case H is equal to 
the thickness of the casing. On the other side of the 
borehole, the thickness of the cement sheath and of the 
casing is the maximum value of H. 

From the correlation of the three primary factors 
as depicted in Fig. 2, the following pertinent informa- 
tion relative to the rate of deposition of cement in un- 
fractured perforations during a squeeze-cementing op- 
eration can be calculated: (1) the node build-up under 
a given set of conditions for a squeeze-cementing op- 
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eration, (2) the proper filtration time to control the 
amount of node build-up, and (3) the composition fac- 
tors needed in cement slurries to restrict the amount of 
node build-up. 

Since modified cements containing either 12 or 25 
per cent bentonite are currently used in permanent-type 
squeeze-cementing operations, these compositions were 
selected to develop the information presented in Figs. 
8 and 9. 

Fig. 8 shows the node build-up which is obtained 
when modified cements containing either 12 or 25 per 
cent bentonite are used to squeeze-cement 0.5-in. di- 
ameter perforations through 5%2-in., 17-lb- casing in 
7¥%-in. hole. For example, when the casing is centered 
the node build-up after a filtration time of 45 minutes 
is about 0.3 in. at 120°F and about 0.8 in. at 280°F 
with modified cement containing 12 per cent bentonite, 
and no node is developed with modified cement contain- 
ing 25 per cent bentonite. When the casing is against 
one side of the hole, the node build-up is about 0.8 in. 
at 120°F and about 1.25 in. at 280°F with modified 
cement containing 12 per cent bentonite, and about 0.3 
in. at 120°F and 0.6 in. at 280°F with modified ce- 
ment containing 25 per cent bentonite. These calcula- 
tions indicate excessive node build-up is to be expected 
when modified cement containing 12 per cent bentonite 
is used, and excessive node build-up can be avoided by 
the use of modified cement containing 25 per cent ben- 
tonite. In general, these results are in agreement with 
field experience. 

Fig. 9 shows_the deposition properties of cements, as 
defined by the composition factor, required to restrict 
the node build-up to what is considered to be a safe 
limit, 0.25 in., under the following conditions: 0.5-in. 
diameter perforations through 51-in., 17-lb casing in 
7% -in. hole subjected to a filtration time of 45 minutes 


TABLE 2—NODE BUILD-UP IN AND ABOUT PERFORATIONS SQUEEZE-CEMENTED WITH MODIFIED NORMAL PORTLAND CEMENT SLURRIES 
(Squeeze Pressure: 1,000 Ib/in.* and Test Temperature: 78° F) 


Additives (wt. per cent of Cement) Geometry of Perforation Calculated Compo- 
Casing Wall Node Measured 
Water Content Thickness + Radius of Height on CIOky Filtration Node on 
Test Calcium Gal. Water per Cement Sheath, Perforation, Perforation, poe lh Time, Perforation, 
No. Bentonite Lignosulfonate Sack Cement H (in.) a (in.) he (in.) H/a he/a kwAP T (min) nn tin) hm a 
5 10 1.50 0.50 0 3.0 0 56.7 77.8 + 0.06 ee 
10 0.39 0 3.26 0 16.0 12.2 0 0 
3 25 ee: 16 1.69 0.50 0 2.34 0 64.6 25:3 — 0.13 = 0.13 
4 25 1.2 16 0.64 0.40 0 1.61 0 80.1 26 + 0.15 + 0515 
5 25 Tez 16 0.78 0.38 0 2.04 0 80.1 51.2 a On + 0.19 
6 12 0.6 10 0.85 0.36 0.79 2635) Daly 25 75 ca 0:75" — 0.04 
10- 0.3 10 1.87 0.25 0.54 7.50 2.25 6.0 29 
8 10 0.5 10 1.87 0.25 0.54 7.50 Pde Hs) 15.7 75.5 oF 0.38" — 0.16 
9 8 0.0 10 1.87 0.25 0.57 7.50 2.30 3.0 15 + 0.38 == O59. 
10 12 0.7 10 0.625 0.25 0.81 2.50 3.28 14 45° 0.75 — 0.06 
1 12 0.4 10 0.55 0.25 als 2.20 4.53 8.5 55 2s + 0:12 
12 12 0.4 10 0.55 0.25 fabs} 2.20 4,53 8.5 55 1.13 {0} 
1These cores had a pipe insert of length H as described in text. 
2Temperature of squeeze-cement test was 180° F. 
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at different temperatures. Similar calculations can be 
made for other conditions. This information is useful 
as a guide in the selection of the range of composition 
factors needed to perform squeeze-cementing jobs. High 
values for the composition factors are needed when 
the filtration time is long, the H is small, and the squeeze 
temperature is high. Cements having higher composi- 
tion factors than that obtainable with modified cement 
containing 25 per cent bentonite are needed to limit 
node build-up to less than 0.25 in. in wells where the 
casing is not centered. 


The results of a mathematical analysis of the deposi- 
tion of solids by filtration in cylindrical, unfractured 
perforations and of laboratory tests to substantiate the 
mathematical analysis indicate that the following con- 
clusions are valid in the squeeze-cementing of unfrac- 
tured perforations in wells. 

1. The primary factors affecting the rate of deposi- 
tion of cement in unfractured perforations are the prop- 
erties of the cement slurry, the geometry of the per- 
forations, and the filtration time. The relationship of 
these factors to each other is defined adequately by the 
correlation presented in Fig. 2. 

2. The properties of a cement slurry which influence 
the deposition of solids by filtration are the permeability 
of the deposited filter cake, k, the viscosity of the fil- 
trate, 4, and a factor called the deposition constant, o, 
which is related to the volume of filter cake deposited 
by a volume of filtrate. When these properties are 
grouped with the pressure differential applied to cause 
filtration, AP, the composition factor, u/kwAP, of the 
slurry is obtained. The value of the composition factor 
is determined experimentally by measuring the thick- 
ness of the filter cake deposited when a cement slurry 
is filtered through a permeable medium with a pres- 
sure differential of at least 800 psi for a known time. 

3. The combined thickness of the casing and the 
impermeable cement sheath surrounding the casing is 
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SQUEEZE-CEMENTING CONDITIONS. 
5Y2-in. casing cemented in 75-in. hole in which radius 
of perforation, a, is 0.25 in., height of cement node, 
is 0.25 in., thickness of casing plus primary cement sheath, 
H, is as shown, and filtration time is 45 minutes. 


the most significant geometrical variable of the perfora- 
tion. Because of the importance of this variable, the 
centering of the casing during the primary cementing 
job, the size and shape of the borehole, and the ef- 
fectiveness of the primary cementing job affect the per- 
formance of subsequent squeeze-cementing operations 
in wells. 

4. The information presented can be used to pre- 
dict the rate of deposition of cement in and about un- 
fractured perforations under given squeeze-cementing 
conditions, the proper filtration time to control the 
amount of deposition, and the composition factor 
needed in cement slurries to restrict node build-up. 
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A Method for Predicting Pressure Maintenance 
Performance For Reservoirs Producing Volatile Crude Oil 
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When dry gas is injected into a 
reservoir containing a volatile crude 
oil, a significant amount of the reser- 
voir liquid phase may become vapor- 
ized. The resultant rich gas phase, 
when subsequently produced, con- 
tributes to tank oil production. This 
contribution assumes greater impor- 
tance, the more volatile the oil in- 
volved. Oil recovery may be sub- 
stantially greater than that predicted 
by conventional frontal-drive meth- 
ods, which do not consider the vapor- 
ization equilibrium between the reser- 
voir oil phase and the injected gas. 

A calculation method has been 
developed to account for vaporiza- 
tion of the reservoir liquid phase 
during gas-injection operations, and 
for the tank oil production which 
results from this factor. Recovery 
performance calculations are pre- 
sented for a reservoir containing a 
highly volatile oil. Tank oil recovery 
is calculated to be about twice that 
predicted by the use of the conven- 
tional frontal-drive eauations. In con- 
trast to usual pressure maintenance 
performance results, in which the 
gas-oil ratio rises at—an increasing 
rate after gas breakthrough, the pre- 
dicted gas-oil ratio rises rapidly to 
about 12,000 scf/bbl and-then rises 
much less rapidly. During gas injec- 
tion, most of the reservoir liquid 
phase contacted is evaporated by the 
dry injection gas. The gas-oil ratio 
during this period is dependent upon 
reservoir pressure. The higher the 
operating pressure, the lower the gas- 
oil ratio. The predicted behavior is 
in accordance with laboratory PVT 
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tests made to simulate the vaporiza- 
tion behavior. In addition to recovery 
performance predictions, results of 
the calculation procedure include 
complete wellstream composition 
data of value in the design of gaso- 
line plant facilities often used in con- 


nection with gas-injection operations. — 


In the cycling of gas-condensate 
reservoirs, dry gas is injected to 
maintain reservoir pressure during 
wet gas production and to thereby 
eliminate or reduce ultimate loss of 
liquids due to retrograde condensa- 
tion within the reservoir. Gas in- 
jected into crude oil reservoirs has 
a dual function. It displaces oi] to 
the producing wells and at the same 
time serves to partially or fully main- 
tain reservoir pressure. Oil shrinkage 
which would occur upon pressure re- 
duction is thereby minimized or elim- 
inated. Accepted calculation methods 
are available’” for predicting recovery 
performance of either gas-condensate 
reservoirs or crude oil reservoirs 
which are being subjected to gas in- 
jection. In gas-condensate reservoirs, 
any retrograde liquid formed does 
not flow, and it is necessary to ac- 
count only for the vaporization equi- 
librium between this liquid and the 
injected gas. Conversely, in normal 
crude oil reservoirs, both the oil and 
gas phases flow, but it has not been 
considered necessary to account for 
any vaporization of the reservoir 
liquid which might occur upon con- 
tact with the dry injection gas. 

Recently, high shrinkage reservoir 
fluids known as “volatile oils” have 
been found in increasing amounts. 
These oils are characterized by tank 
oil gravities above 45° API, solution 
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gas-oil ratios above 1,000 scf/bbl, 
and reservoir volume factors above 
two. Special techniques have been 
devised for predicting depletion per- 
formance of reservoirs containing 
such oils.**°* One of the character- 
istics of reservoirs producing volatile 
oils is that the reservoir gas phase 
carries a significant amount of oil 
which is recoverable as stock-tank 
liquid. This unusual vaporization be- 
havior implies that an appreciable 
amount of reservoir liquid would be 
vaporized upon contact of the oil 
with dry injection gas. In a gas-in- 
jection operation, tank oil recovery 
would be obtained not only through 
frontal displacement of the reser- 
voir liquid by the injected gas, but 
also through production of the rich 
gas phase. This means that not only 
are improved methods needed to pre- 
dict recovery of such oils from reser- 
voirs undergoing gas injection, but it 
would also be expected that high oil 
recoveries might be obtained by such 
operations. 

When relatively dry gas is injected 
into a volatile oil reservoir, phase 
equilibrium between the injected gas 
and the reservoir oil will tend to be 
established. Initially the most~ vola- 
tile components, such as propane, the 
butanes and the pentanes, will ac- 
count for most of the material trans- 
ferred from the oil phase to the gas 
phase. As the partially stripped oil 
phase is contacted with additional 
dry injection gas, the heavier inter- 
mediate components, such as the 
hexanes, the heptanes and the 
octanes, will gradually transfer to the 
gas phase in increasing amounts. 
This is because the supply of lighter 
components in the oil phase dwindles 
due to the stripping action of the in- 
jected gas. This stripping action will 
usually continue to be effective down 
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through the heavier components, such 
as the decanes, since even they are 
relatively volatile at the high tem- 
perature and pressure conditions 
commonly encountered in volatile 
oil reservoirs. The result of the 
above-described vaporization process 
is that significant amounts of stock- 
tank oil components will] be trans- 
ferred to the reservoir gas phase for 
a long period. This reservoir gas can 
be produced at the surface, yielding 
high gravity tank oil at moderately 
low gas-oil ratios (10,000 to 20,000 
scf/bbl). 

In order to predict the behavior 
of such a process, it is necessary to 
account for the transfer of individual 
hydrocarbon components from one 
phase to the other in addition to ac- 
counting for the two-phase flow char- 
acteristics of the reservoir rock. The 
use of multicomponent flash calcu- 
lations together with a material bal- 
ance and the fractional flow equation 
offers a means of calculating the 
performance of such a system. 

In formulating such a calculation 
method to describe the behavior of a 
petroleum reservoir the following 
basic assumptions have been made 
for simplification. These assumptions 
are usually used in reservoir per- 
formance predictions. (1) The reser- 
voir is homogeneous with respect to 
perosity, permeability, interstitial 
water content, and oil and gas com- 
positions, (2) relative permeability 
data measured on small cores in the 
laboratory describe the basic two- 
phase flow characteristics of the res- 
ervoir, and (3) equilibrium exists 
between the oil and gas phases. 

In the case of primary depletion 
performance of a volatile oil reser- 
voir, it is adequate to treat the hep- 
tanes and heavier fraction (C,,) as a 
single component having fixed prop- 
erties at a given pressure. However, 
in gas-injection operations this frac- 
tion will change appreciably in com- 
position and properties at constant 
pressure due to the stripping action 
of the dry gas. It is therefore desir- 
able to account for the vaporization 
of individual components of as high a 
molecular weight as undecane (C,,). 
It will be shown later that this upper 
limit is satisfactory for a_ typical 
volatile oil, since the still heavier 
components do not vaporize appre- 
ciably at reservoir conditions. These 
heavier components may be consid- 
ered without much error to act as a 
single component since they are not 
significantly involved in the stripping 
action. 


The purposes of this paper are: 
(1) to show that multi-component 
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flash calculations using available 
K-values (equilibrium vaporization 
ratios) adequately predict the vapor- 
ization behavior of a volatile oil 
which is repeatedly contacted with 
dry gas, (2) to present a stepwise 
calculation scheme believed suitable 
for predicting the gas-injection per- 
formance of reservoirs producing 
volatile crude oil, and (3) to present 
an example performance prediction 
calculation, demonstrating the un- 
usual recovery performance of such 
reservoirs under gas injection and the 
inadequacy of conventional methods 
of prediction. 


DU" RoE 


EXPERIMENTAL 
VAPORIZATION TEST 


To test the reliability of multi- 
component flash calculations for de- 
scribing the stripping action of dry 
gas on a volatile oil, a laboratory 
experiment was made to simulate a 
gas-injection operation. The original 
reservoir fluid composite (to be used 
later in example recovery calcula- 
tions) was made by recombining sep- 
arator oil and gas samples in a high 
pressure windowed cell. A fractional 
analysis of the reservoir composite 
is given in Table 1. The composite 
was then brought to a pressure of 
4,500 psia and a temperature of 
250° F. The amounts of the oil and 
gas phases were adjusted (by removal 
of some of the oil) so that the rela- 
tive proportions of the two phases 
were approximately the same as 
would be encountered in the reser- 
voir after primary depletion to that 
pressure. The following stepwise pro- 
cedure was then repeated 17 times. 
A small measured amount of the gas 
phase was withdrawn and an appro- 
priate amount of dry natural gas 
(96 per cent methane) was injected. 
Rather than withdraw both oi] and 
gas (both would flow out from the 
reservoir in a gas-injection operation) 
only gas phase was removed from the 
cell. The total cell volume was then 


increased a suitable amount to re- 
duce the volume per cent liquid phase 
remaining. This was done to simulate 
the reduction in oil volume which 
would be caused by frontal displace- 
ment of liquid by injected gas in the 
reservoir. Frontal displacement cal- 
culations were made to determine the 
amount of liquid which would be 
expected to be displaced at each 
step. In this way, this experiment 
was expected to give data on the rela- 
tive amounts of reservoir oil and 
gas remaining at each stage of a 
typical gas-injection operation. The 
gas and oil volumes in the cell were 
observed after each cycle of remov- 
ing and injecting gas. These data 
were converted to gas saturations in 
percentage of total hydrocarbon pore 
volume. 

The laboratory experiment was 
next simulated by a series of multi- 
component flash calculations. The ex- 
perimental volumes of gas removed 
were used in these calculations. The 
required injected gas volumes were 
calculated by trial to match the ex- 
perimentally observed total mixture 
vclumes. 

The calculations to simulate the 
laboratory experiment were made in 
two different ways. In the first calcu- 
lation, all hydrocarbons above hexane 
were considered as a single “grouped” 
C.. component having the appro- 
priate average, but fixed, properties. 
In the second calculation the C,, 
fraction was fractionated into indi- 
vidual cuts corresponding approxi- 
mately to the norma] hydrocarbons 
up through undecane. Each cut had a 
boiling range of 50°F and is listed 
in Table 1 according to its mid-boil- 
ing point. The residue was considered 
to be a single, grouped C,,, com- 
ponent with fixed properties. 


EXAMPLE RESERVOIR 
PERFORMANCE CALCULATION 

To show the unusual producing 
characteristics of a volatile oil reser- 
voir under a gas-injection operation, 
the reservoir performance calcula- 


TABLE 1—FLUID COMPOSITIONS 


Original Reservoir Residue 
Density Reservoir Composite (Injection) 
Molecular at 60°F, Fluid At Start Gas 
s Weight _gm/cc_ Composition of Gas Drive Composition 

Nitrogen .0167 .0168 .0272 
Methane -6051 .6062 -8595 
Carbon Dioxide .0218 -0218 .0278 
Ethane -0752 .0752 .0717 
Propane .0474 .0474 -0135 
iso-Butane -0138 .0138 -0003 
n-Butane .0274 -0273 
iso-Pentane -0046 -0046 
n-Pentane .0251 -0250 
150° F n-BP cut 90 .6684 .0199 -0198 
200° F n-BP cut 103 .7075 .0245 .0245 
250° F n-BP cut 115 7423 .0241 .0240 
300° F n-BP cut 134 7703 -0169 -0168 
350° F n-BP cut 146 .0142 .0141 
400° F n-BP cut 193 7957 .0102 .0101 
425° F plus cut 302 -8346 .0531 .0526 
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tion method to be described in this 
section has been applied to an actual 
reservoir. The example reservoir is 
the same reservoir for which the pri- 
mary depletion performance was pre- 
dicted in a previous paper.’ This 
reservoir occurs in the Smackover 
limestone in North-central Louisiana 
at a depth of about 10,000 ft. Reser- 
voir temperature is 246° F. The orig- 
inal reservoir pressure was 5,070 psia 
and a bottom-hole sample of oil, 
which was believed to be representa- 
tive of original reservoir fluid, had 
a bubble-point pressure of 4,836 psia. 

It was anticipated that maximum 
benefit from gas injection would be 
obtained at the highest practical 
operating pressure, therefore, 4,500 
psia was chosen as the pressure to be 
maintained for the performance cal- 
culations. Since it was considered 
likely that a natural gasoline plant 
would be used in such a project and 
that some make-up dry gas would be 
required to maintain pressure, a dry 
residue-type gas of constant composi- 
tion was used for injection gas in 
the calculations. The residue (in- 
jection) gas composition is given in 
Vable 1. 

The correlation of Hinshaw’ was 
used-as the basic source of K-values. 
With these data it was possible to 
obtain a good fit to the experimental, 
equilibrium flash vaporization data 
for the original bottom-hole sample’ 
by interpolating between conver- 
gence pressures and by a slight ad- 
justment of the methane K-value 
near the bubble-point pressure. The 
K-value for a 500° F mid-boiling 
point fraction was used for the 
425° F-plus (Cy,) residue in the 
calculations. Published corre- 
lations’’’” were used to calculate gas 
viscosities and oil- and gas-phase den- 
sities. A small correction was applied 
to all calculated oil densities to make 
them consistent with the few avail- 
able experimentally measured densi- 
ties. A simple correlative device was 
used to obtain oil viscosity. It has 
been noted that fora series of related 
oil phases, viscosity correlates. well 
with density regardless of pressure, 
temperature, or composition. This 
observation is consistent with the 
published crude oil viscosity corre- 
lation of Beal." The oil-phase vis- 
cosity data from the primary deple- 
tion performance were plotted vs 
density and this plot was used to 
obtain oil viscosities from calculated 
oil densities in the gas-injection cal- 
culation. 

The remaining data required for 
the gas-injection performance calcu- 
lation were gas-oil relative permea- 
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bilities and interstitial water content 
(30 per cent pore volume). The data 
used were the same as used for the 
depletion performance study.’ The 
primary surface separator conditions 
chosen were 500 psia and 65° F. 
Stock-tank conditions of 14.7 psia 
and 70° F were assumed. It was not 
considered necessary to fit K-values 
for these conditions to experimental 
data on the actual fluids. These latter 
K-values were selected on the basis 
of convergence pressure calculated 
using Hadden’s* method. 

The fractional analysis and rela- 
tive proportions of the reservoir oil 
and gas phases at 4,500 psia were 
obtained by recalculating the pri- 
mary depletion performance’ in three 
steps from the bubble-point pressure 
ot 4,836 to 4,500 psia. The calcu- 
lated gas saturation at 4,500 psia 
was sufficiently high so that the cal- 
culated gas-drive performance did 
not include the formation of an oil 
bank. 


The reservoir recovery perform- 
ance was calculated on the basis of 


1 bbl of hydrocarbon pore space as ~ 


follows (the scheme is illustrated in 
Fig. 1). An increment of the existing 
reservoir fluid was removed, the 
volumetric proportions of gas and 
oil in the increment being dictated 
by the two-phase flow relationship 
for the reservoir rock.;An increment 
of injection gas was then added to 
the remaining reservoir mixture and 
a multi-component flash calculation 
was made with the new composite 
at reservoir conditions. The incre- 
ments of fluid removed and injected 
were chosen by trial and error to 
meet the following restrictions. 

1. The volumetric proportions in 
which oil and gas were removed cor- 
responded to the average of the bot- 
tom-hole gas-oil ratios at the start 
and finish of a step. These ratios 
were determined by the gas and oil 


PRODUCED 


WELLSTREAM ) 


Li 


2. REMOVAL OF 
PRODUCED FLUIDS 


|. START OF 
STEP. 


relative permeabilities corresponding 
to the wellbore gas saturations at the 
start and finish of the particular cal- 
culation step. This oil and gas mix- 
ture constituted the wellstream com- 
posite produced for the step. 

2. The calculated volume of the 
reservoir composite at reservoir con- 
ditions was equal to the unit hydro- 
carbon pore volume at the end of 
each step. 

3. The average reservoir gas satu- 
ration at the end of each step was 
related to the wellbore (outlet) gas 
saturation according to the saturation 
gradient predicted from the frontal- 
drive equations.” 

Flash calculations were made for 
each increment of wellstream com- 
posite to determine the amount and 
composition of tank oil and primary 
separator overhead gas produced in 
each step. Producing gas-oil ratio 
data were computed from these 
results. 


To illustrate the importance of 
performing all reservoir flash calcu- 


_lations with a detailed breakdown 


f the heavy fraction of the oil, ex- 
ample performance calculations were 
made in two ways. In the first cal- 
culation, all components heavier than 
hexane were considered as one com- 
ponent (C,,) with fixed properties. 
In the second calculation, a more 
detailed fractional analysis of the 
C,. fraction was used. The C,,, frac- 
tion was considered to have fixed 
properties and to behave as a single 
component. An additional reservoir 
performance calculation was also 
made using conventional methods’ to 
illustrate the inadequacy of conven- 
tional gas-drive performance predic- 
tion methods. In this case the reser- 
voir oil data used were conventional 
differential vaporization data’ and no 
account was taken of the interaction 
between the dry injection gas and 
the rich reservoir liquid phase. 


DRY GAS 
INJECTED 


4.END OF 


3. INJECTION 
OF GAS 


Fic. 1—Marertat BALANCE ScHEME Usep FoR RESERVOIR 
PERFORMANCE PREDICTIONS. 
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GAS GAS 
Yj 
Y 
|| 


Start of 
Gas Drive 

Component ait 4,£00 psia 258 
Nitrogen .0252 
Methane .7389 7522 
Carbon Dioxide .0230 .0239 
Ethane .0752 .0745 
Propane .0417 .0369 
iso-Butane .0112 -0095 
n-Butane .0210 .0180 
iso-Pentane -0032 -0028 
n-Pentane -0162 .0144 
150°F n-BP cut .O111 .0102 
200°F n-BP cut .0119 .0112 
250°F n-BP cut .0093 .0091 
300°F n-BP cut .0051 .0051 
350°F n-BP cut .0029 .0031 
400°F n-BP cut .0014 .0015 
425° plus cut 0027 .0030 
Nitrogen 0116 
Methane .5334 
Carbon Dioxide .0211 .0219 
Ethane .0752 .0745 
Propane .0509 .0450 
iso-Butane .0154 .0130 
n-Butane -0313 .0269 
iso-Pentane -0055 -0048 
n-Pentane -0305 .0272 
150°F n-BP cut .0252 .0231 
200°F n-BP cut .0322 .0304 
250°F n-BP cut -0331 .0324 
300°F n-BP cut .0241 .0244 
350°F n-BP cut 0210 -0220 
400°F n-BP cut .0155 .0167 
425°F plus cut .0835 -0930 
Bottom-hole gas-oil 

ratio, (vol./vol.) 0.92 Tats 
Reservoir gas 

saturation (per cent) 23Eo 34.3 


TABLE 2—COMPOSITION OF RESERVOIR OIL AND GAS 


(Mol Fractions) 


Cumulative Standard Cubic Feet of Injection Gas Per Barrel of Hydrocarbon Pore Space 


286 359 458 588 753 955 1136 1344 1585 _ 2257 
Reservoir Gas Phase ; 
0246 0245 .0245 .0245 -0245 0245 .0246 .0248 .0249 .0255 
7538 7574 7616 7670 774) 7818 .7884 8027 -8213 
0240 0242 .0244 0248 .0251 0255 .0258 -0261 .0264 .0270 
0744 0742 0740 0738 .0735 0732 .0730 0728 0726 -0721 
0364 0353 .0338 0320 .0299 0276 .0258 .0239 0221 .0179 
0093 0088 -0083 0076 .0067 0058 -0051 .0043 0036 .0019 
0177 0169 .0159 0147 -0132 0116 .0102 .0088 0074 .0041 
0027 0026 .0025 0023 -0021 0019 .0017 -0015 0012 -0007 
0142 0137 .0131 0123 -0112 0100 .0090 .0079 0067 .0038 
0101 0098 0094 0089 .0083 0075 .0069 .0061 0054 .0033 
0111 0109 .0106 0102 -0096 0089 .0082 0074 0066 .0043 
0090 0089 .0088 0086 .0083 0079 .0075 .0069 0064 .0045 
0051 0051 .0051 0051 0050 0049 .0047 .0045 .0042 .0033 
0031 0031 -0032 0032 0032 0033 .0032 .0032 .0032 -0028 
0015 0015 .0016 0016 0017 0017 .0018 0018 0018 .0018 
0030 0031 -0032 0034 0036 0039 0041 0044 0048 .0057 
Reservoir Oil Phase 
0113 0113 0112 0112 0112 0113 0113 .0114 0114 0117 
5346 5370 5402 5440 5489 5546 5591 .5640 5692 5825 
0220 0222 .0224 0227 0230 0234 0237 .0239 0242 0248 
0744 0742 .0740 0738 0735 0732 0730 .0728 0726 0721 
0443 0430 -0412 0390 0365 0336 0314 .0292 0270 0219 
0127 0121 .0113 0104 0092 0080 0070 .0060 0050 0025 
0264 0252 .0238 0219 0197 0173 0153 -0132 0111 0061 
0047 0045 -0043 0040 0037 0032 0029 -0025 0021 0012 
0268 0259 .0247 0231 0212 0188 0169 -0148 0127 0072 
0229 0223 .0214 0203 0189 0171 0156 .0139 0122 0074 
0301 0295 .0287 0275 0259 0240 0222 -0201 0179 0115 
0322 0319 0314 0307 0296 0281 .0266 -0248 0227 0161 
0244 0244 .0243 0241 0237 0231 .0224 0215 0202 0158 
0221 0223 0226 0229 0231 0232 0232 0230 0225 0200 
0168 0171 0175 -0181 .0187 0193 0198 0202 0205 0205 
-0943 .0971 -1010 -1063 SZ 1218 1926 1387 1487 1787 
1.86 3.26 5.89 10.29 19.1 35.7 56.5 87.8 140 389 
35.6 AOLO 42.5 45.0 47.6 49.5 51.4 53,3 


EFFECT OF RESERVOIR 
OPERATING PRESSURE 


It is known qualitatively that the 
cil content of reservoir gas varies 
markedly with pressure above 3,000 
psia. Therefore, it was deemed im- 
portant to show some measure of 
this effect without having to make 
the full performance calculations for 
a series of pressures. This was done 
by taking the reservoir gas composi- 
tions (at various pressures) from the 
previously reported primary deple- 
tion study’ and flashing them at 
surface separator conditions. The cal- 
culated separator gas-oil ratios direct- 
ly reflect the relative richness of the 
reservoir gas phase at the various 
pressures, and, therefore, will indi- 
cate how the efficiency of oil recovery 
by vaporization into the injected gas 
varies with operating pressure. 


RESULTS AND DISCUSSION 


EXPERIMENTAL 
VAPORIZATION TEST 

The results of the laboratory va- 
porization test are presented in Fig. 
2. This figure shows the vaporization 
behavior during a gas-injection opera- 
tion in a PVT cell, in terms of gas 
saturation (in per cent hydrocarbon 
pore volume) after the injection of 
various amounts of dry gas. The two 
calculated vaporization histories are 
also shown. In the first, the heavy 
hydrocarbons (C,,) were grouped 
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together and handled as one com- 
ponent. In the second case all the 
heavy hydrocarbons lighter than C,, 
were treated individually. The re- 
sults of the second calculation fit the 
experimental data well. Conversely, 
the first calculation predicts complete 
vaporization of the liquid phase, 
which is not consistent with the ex- 
perimental data. From these results 
it is concluded that the vaporization 
of a volatile oil which is repeatedly 
contacted with dry gas can be ade- 
quately predicted with multi-com- 
penent flash calculations which con- 
sider the individual vaporization be- 
havior of the normal hydrocarbons 
up to undecane (C,,). This result 
also adds confidence to the use of 
multi-component flash calculations 


CALCULATED a 
(C74 GROUPED) AW 
EXPERIMENTAL 


° 


CALCULATED 
(C\24 GROUPED) 


GAS SATURATION- 
PERCENT HYDROCARBON PORE VOLUME 


fo} 4 1 
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CUMULATIVE GAS INJECTED - GRAM MOLS 


Frc. 2—Comparison oF CALCULATED AND 
EXPERIMENTAL OIL VAPORIZATION. 


in the reservoir performance calcu- 
lation method described earlier. 


EXAMPLE RESERVOIR 
PERFORMANCE CALCULATION 


The results of the example reser- 
voir gas injection performance cal- 
culations are shown in Figs. 3, 4, 
and 5. These figures show the cumu- 
lative tank oil production, separator 
gas-oil ratio, and cumulative sep- 
arator gas production, respectively, 
as functions of cumulative dry gas 
injection volume. Results are pre- 
sented for the calculations based 
both on treatment of the C,, hydro- 
carbon fraction as a single com- 
ponent and on treatment of the Cy, 
hydrocarbons as a single component. 
Conventional frontal-drive perform- 
ance predictions are also shown for 
comparison. 

Predicted tank oil recoveries (Fig. 
3) at a cumulative gas- injection 
equivalent to one hydrocarbon pore 
volume are 0.155, 0.120, and 0.088 
bbl/bbl of hydrocarbon pore space 
for the three calculations, respective- 
ly. In view of the previous discus- 
sion, the predicted recovery of 0.120 
bbl/bbl of hydrocarbon pore space 
is believed reliable. The calculation 
based upon a grouped C,. fraction is 
believed to over-estimate recovery, 
since it predicts that continued dry 
gas injection will result in complete 
evaporation of the reservoir liquid 
phase. The above-described compari- 
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son with laboratory data shows that 
this predicted complete vaporization 
is not realistic. Conversely, since the 
conventional frontal-drive prediction 
methods do not account for that por- 
tion of the oil recovered by vapori- 
zation into the dry injection gas, the 
results of such calculations will un- 
derestimate recovery. The error in- 
volved will depend largely upon the 
volatility of the reservoir fluid and 
upon the amount of dry gas which 
contacts oil at the specific reservoir 
conditions. 


Results given in Fig. 4 show even 
more strikingly the differences in 
predicted performance for the three 
calculation methods compared. Cal- 
culations based on a grouping of the 
C., fraction show an initial rapid 
rise in gas-oil ratio following gas 
breakthrough, which occurs at a 
cumulative gas injection of about 
350 scf/bbl of hydrocarbon pore 
space. Gas breakthrough is followed 
by a period of substantial oil pro- 
duction at a constant producing gas- 
oil ratio of about 12,000 scf/bbl. 
This result is not believed to be 
‘realistic. An examination of the de- 
tails of the calculation shows that 
this constant gas-oil ratio is a result 
of considering that the C,, fraction 
of the reservoir oil behaves as a 
single component. 

The gas-oil ratio performance cal- 
culated by the method based upon 
an individual treatment of the heavy 
components through undecane (C,:) 
is believed realistic, in view of the 
success in duplicating laboratory va- 
porization performance. The gas-oil 
ratio computed by this latter method 
shows a rapid rise immediately after 
gas breakthrough. This rise is fol- 
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lowed by a period of oil production 
at more slowly rising gas-oil ratios. 
This means that a normally attrac- 
tive yield of liquid products from 


the reservoir may continue for some — 


time beyond gas breakthrough. The 
oil recovery realized by the time the 
producing gas-oil ratio reaches 
20,000 scf/bbl* is predicted to be 
0.145 bbl/bbl of hydrocarbon pore 
space. This is more than twice the 
recovery of 0.068 bb] predicted by 
the conventional frontal-drive meth- 
ods. These two recovery figures are 
chosen at the same producing gas-oil 
ratios, and are, therefore, beliéved to 
reflect more realistically than those 


=A gas-oil ratio of 20,000 scf/bbl was 
chosen arbitrarily as a basis for comparison 
of the calculation methods. At a lower com- 
parison gas-oil ratio, the calculated recov- 
eries differ less, whereas, at a higher com- 
parison gas-oil ratio they differ more. 


figures quoted earlier, the degree to 

which conventional prediction meth- 
ods will underestimate recovery from 
volatile oil reservoirs. This higher 
predicted recovery is solely a result 
of accounting for vaporization of the 
reservoir liquid phase. Jn the con- 
ventional frontal-drive calculation, 
the predicted rapid rise in producing 
gas-oil ratio after gas breakthrough 
results from failure to account for 
the vaporization of hydrocarbons into 
the injected gas. 


Fig. 5 shows the predicted cumu- 
lative separator gas production vol- 
umes vs cumulative injection gas 
volume, and, therefore, includes in- 
formation from which the amount 
of make-up gas required to maintain 
reservoir pressure can be determined. 
Both the calculations accounting for 
the detailed phase behavior give 


“nearly identical results. The results 


indicate approximately 20 per cent 
less gas produced than is predicted 
by the conventional frontal-drive 
niethod, when compared at the same 
cumulative gas-injection volume. 


To summarize the results of the 
performance predictions, Table 3 
shows cumulative oil recovery, in- 
jected gas volume, produced gas vol- 
ume, and the ratio of cumulative 
injected gas to produced oil for each 
of the calculations. The comparison 
is made for a producing gas-oil ratio 
of 20,000 scf/bbl. This tabulation 
shows that although the cumulative 
oil recoveries predicted by the three 
methods of calculation differ by as 
much as a factor of four, the cumu- 
lative ratios of injected gas to pro- 
duced oil differ by only about 30 
per cent. It is speculated that the 
three methods would predict ratios 
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differing by no more than this 
amount if a similar comparison were 
made for any other reservoir, whether 
it contained a volatile oil or not. 
On the basis of the comparison 
shown in Table 3, the expected net 
cost of gas handling per barrel of oil 
recovered for a particular project 
might be nearly the same regardless 
of the method of performance calcu- 
lation employed. However, the total 
oil recovery which could be credited 
against plant investment will be un- 
derestimated by conventional per- 
formance calculations. 

The method proposed in this paper 
yields information regarding com- 
positions of the wellstream and of 
the produced oil and gas. This in- 
formation, which is not available in 
advance of production when the con- 
ventional frontal-drive methods are 
used, is of particular value in the 
design of plant facilities normally 
used in connection with gas-injection 
operations. Where composition data 
are needed for the same purpose for 
reservoirs not containing volatile oils, 
the method described here can also 
be used to advantage. The method 
may also be applied to the predic- 
tion of recovery from a reservoir un- 
dergoing limited gas injection such 
that reservoir pressure is allowed to 
decline. 

From the above results and dis- 
cussion it is concluded that conven- 
tional frontal-drive methods are in- 
adequate to predict the oil recovery 
performance of volatile oil reservoirs 


teing subjected to gas injection. Fur- 
thermore, it is also concluded that 
conventional frontal-drive methods 
will underestimate the total oil which 
can be recovered from such reser- 
voirs by gas injection. 


EFFECT OF RESERVOIR 
OPERATING PRESSURE 


The results of the separator cal- 
culations using reservoir gas for sev- 
eral different operating pressures ap- 
pear in Fig. 6. These data are the 
initial gas-oil ratios which would be 
observed for different reservoir 
cperating pressures, and, therefore, 
reflect the relative level of producing 
gas-oil ratios throughout the entire 
operation. They indicate that pro- 
ducing gas-oil ratios increase sharply 
as operating pressure is decreased. 
As the gas-oil ratio increases, the 
amount of gas which must be handled 
to produce a barrel of oil increases. 
Therefore, it can be concluded that 
the efficiency of oil recovery by gas 
injection into volatile oil reservoirs 
falls off with increasing rapidity as 
operating pressure is lowered. 


CONCLUSIONS 


On the basis of the information 
presented in this paper, the following 
conclusions are believed justified. 


1. The vaporization of a volatile 
oil which is repeatedly contacted with 
dry gas can be adequately predicted 
with multi-component flash calcu- 
lations which consider the individual 
vaporization behavior of the normal 
hydrocarbons up to undecane (C,,). 

2. Conventional frontal-drive meth- 
ods are inadequate to predict the oil 
recovery performance of volatile oil 
reservoirs being subjected to gas in- 
jection. 

3. Conventional frontal-drive meth- 
ods will underestimate the total oil 
which can be recovered from such 
reservoirs by gas injection. 

4. The efficiency of oil recovery by 
gas injection into volatile oil reser- 
voirs falls off with increasing rapidity 


with a decrease in operating pres- 
sure. 


TABLE 3—COMPARISON OF RESULTS OF EXAMPLE RESERVOIR PERFORMANCE PREDICTIONS 
(Basis of Comparison: Producing gas-oil ratio of 20,000 scf/bbl) 


Cumulative 


2 Cumulative Injection 
Cumulative Separator Gas Cumulative Gas-Oil 
: Oil Recovery* Production* Gas Injected* Ratio** 
Calculation Method (bbl) (scf) (scf) (scf/bbl) 
Volatile Oil 
Grouped) *** 0.247 2,152 
(Ci2+ Grouped) 0.145 1,535 
Drive 0.068 600 630 9,250 


*Per barrel of hydrocarbon pore space. 


ean gumulative volume of injection gas per barrel of oil recovered. 
Producing gas-oil ratio reaches 20,000 scf/bbl only after complete vaporization of reservoir 


liquid phase 
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Pressure Measurements During 
Formation Fracturing Operations 


J. K. GODBEY 
H. D. HODGES 


In order to better understand the fracturing process, 
bottom-hole pressures were measured during a number 
vf typical fracturing operations. A recently developed 
system was used that allows simultaneous surface re- 
cording of both the bottom-hole and wellhead pressures 
on the same chart. 

The results from six fracturing treatments are sum- 
marized on the basis of the pressure data obtained. AlI- 
though no complete analysis is attempted, the value of 
accurate pressure measurements is emphasized. Impor- 
tant characteristics of the bottom-hole pressure record 
do not appear at the wellhead because of the damping 
effect of the fluid-filled column. In four of the six treat- 
ments described, the formations apparently fractured 
during the initial surge of pressure with only crude oil in 
the well. The properties of the fluids used during the 
treatments are given and the fluid friction losses are 
obtained directly from the pressure records. This tech- 
nique is also shown to be adequate for determining when 
various fluids, used during the process, enter the forma- 
tion. 


INTRODUCTION 


Hydraulic fracturing for the purpose of increasing 
well productivity is now accepted in many areas as a 
regular completion and workover practice. Numerous 
articles have appeared in the literature discussing the 
various techniques and theories of hydraulic fracturing’. 
In general, three basic types of formation fractures are 
recognized today. These are the horizontal fracture, the 
vertical fracture, and fractures along natural planes of 
weakness in the formation’. Any one or all three of 
these fracture types may be present in a fracturing op- 
eration. However, with only the wellhead pressure rec- 
ord as a guide, it is difficult at best to determine if the 
formation actually fractured, and is almost impossible 
to determine the type of fracture induced. These diffi- 
culties arise in part because the wellhead pressure rec- 
ord, especially when fracturing through tubing, does 
not accurately refiect the pressure variations occurring 
at the formation. Several factors contribute to this effect 
and preclude the possibility of using the wellhead pres- 
sure as a basis for accurately calculating the bottom- 
hole pressure. These factors are: 

1. The compressibilities of the fluids which damp the 
pressure variations. 
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2. The changes in the densities of the fluids or ap- 
parent densities of the sand-laden fluids. 

3. The flowing friction of the various fluids and mix- 
tures, which is dependent on the flow rates and the con- 
dition of the tubing, casing, or wellbore. 

4. The non-Newtonian characteristics of a sand-oil 
mixture and its dependence upon the fluid properties, 
the concentration of sand, and the mesh size used. 

5. The unknown and variable temperatures through- 
out the fluid column. 

Because of these reasons it was determined that in 
order to obtain a more accurate knowledge of the na- 
ture of fracturing, the bottom-hole pressure must be 
measured along with the pressure at the surface during 
a fracturing treatment. Even with accurate pressure 
data, a reliable estimate of the nature of fracturing is 
still dependent upon knowledge of the tectonic condi- 
tions. However, the hydraulic pressure on the formation 
is basic to any approach to a complete analysis. 

In order to accomplish this objective a system was 
developed to record the wellhead and bottom-hole pres- 
sures simultaneously at the surface. By recording both 
pressures on a dual pen strip-chart recorder, it was pos- 
sible to greatly expand the time scale so that rapid pres- 
sure variations would be faithfully recorded. By such 
simultaneous recording, time discrepancies inherent in 
separate records are eliminated, thus overcoming one of 
the most difficult problems associated with bottom-hole 
recording systems. 

This paper illustrates the results obtained by using 
this system during six typical fracturing operations. All 
of these tests were taken in wells that were treated 
through tubing. By a direct comparison of the wellhead 
and bottom-hole pressures, the importance of obtaining 
complete pressure information during a fracturing treat- 
ment is emphasized. 


THE INSTRUMENTATION AND PROCEDURES 


The bottom-hole pressure measuring instrument con- 
sisted of a pressure-sensing element, a telemetering sec- 
tion, and a lead-filled weight or sinker bar. The pres- 
sure-sensing element used was an isoelastic Amerada 
pressure-gauge element. By using an isoelastic element, 
no temperature compensation was necessary in the tests 
described, since the temperature was believed to be 
well below the maximum temperature limit of 270°F. 
The rotary output shaft of this helical Bourdon tube ele- 
ment was coupled to a precision miniature potentiome- 
ter. The rotation of the pressure-gauge shaft thus 
changed the resistance presented by the potentiometer 
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to a telemetering oscillator. This special electronic os- 
cillator received its power from the surface through the 
single conductor logging cable, and in turn transmitted 
a signal over the same conductor to the surface. The 
frequency of the oscillator signal was proportional to 
the bottom-hole pressure and was converted at the sur- 
face into a voltage suitable for recording. The entire 
bottom-hole pressure measuring instrument was 1% in. 
in diameter and approximately 10 ft long. The instru- 
ment was supported in the well by a 3/16-in., single 
conductor, armored cable. 

A special perforated sub with a stop-bar was at- 
tached to the lower end of the tubing before it was low- 
ered into a well. After the tubing was set in the casing, 
the pressure gauge was lowered by means of the cable 
to the zone to be fractured, and was allowed to rest on 
the stop-bar in the sub. In some cases a single packer 
was used between the tubing and casing, in which case 
the special sub was placed below the packer. When 
straddle packers were used, the special sub was placed 
just above the lower packer. 

After the instrument was lowered to the zone, the 
supporting cable was sealed at the wellhead with a modi- 
fied two-stage Bowen packer. After the fracturing treat- 
ment, the instrument was retrieved during the idle period 
of the treatment operation. By using this procedure, no 
lubricator was necessary for injecting or retrieving the 
instrument. 

A circular chart pressure recorder was used to meas- 
ure the wellhead pressure. This recorder was modified 
by the addition of a precision potentiometer on the pen 
shaft, so that the wellhead pressure might also be re- 
corded on the dual pen strip-chart recorder. This system 
allowed the pressure variations to be observed at the 
wellhead as well as in the instrument truck. 

The two pressure signals were used to drive the two 
pens on the single recorder independently. The recorder 
chart was driven by a synchronous motor through a 
gear changing mechanism which permitted several ac- 
curately controlled speeds to be selected. In most cases, 
a chart speed of 1 in./min was found to be fast enough 
to record the pressure variations encountered. 

The pressure scales on the recorder could be adjusted 
independently for both the wellhead and bottom-hole 
pressures by separate electrical control circuits. How- 
ever, in all cases the ranges were made equal for both 
pressure measurements. In this way, the variations in 
static head, friction losses, and other pressure variations 
could be compared directly on the final record. A use- 
able chart width of 10 in. allowed pressure readings to 
be taken directly from the chart with an accuracy of 
better than 1 per cent of full-scale reading. 

The actual fracturing treatments described in this 
paper are similar in most respects. In each case, the 
wells were over-flushed with two tubing volumes of lease 
crude oil, both before and after the sand laden fractur- 
ing fluid was introduced. The variations in procedure 
involved only the nature and volume of the fracturing 
fluids used and the amount of sand they carried. In 
each case a 20 to 40 mesh Ottawa sand was used. 


DATA 


Simultaneous bottom-hole and surface pressure. rec- 
ords were made during six attempted fracturing opera- 
tions. Data from these operations are contained in Figs. 
1 and 2. Each of these operations is described separately 
as follows. 
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From the bottom-hole pressure record of Well A, 
Fig. 1, it is evident that the formation apparently frac- 
tured under the initial pressure surge. This is indicated 
by the sharp decline in pressure at three minutes on the 
time axis. This decline is undoubtedly caused by the 
sudden movement of liquid and the increase in pressure 
drop from friction losses. It will be noted that no in- 
dication of this fracture is shown on the surface pres- 
sure record. Apparently, the fracture remained open 
during the remainder of the record, since the bottom- 
hole pressure remained less than the initial peak. This 
apparent fracture occurred with only the lease crude 
breakdown oil in the well. The maximum bcttom-hole 
pressure of 3,830 psig checks closely with the overbur- 
den pressure based upon an assumed value of 1 psi/ft 
of depth since the perforations were between 3,539 and 
3,566 ft. The static head is equal to the difference be- 
tween the two measured pressures during shut-down 
periods. In this case, taking a minimum at 23.3 minutes, 
the static head is approximately 1,300 psi. The differ- 
ence between the bottom-hole and surface pressures in 
the interval immediately following the apparent fracture 
averages about 400 psi. By taking the sum of the static 
head and the pressure difference during the injection of 
the breakdown oil, a friction loss on the order of 1,700 
psi is determined. Similar calculations can be made to 
determine the loss of pressure due to flowing friction at 
any other time on the record. From this example the 
great effect of friction on the resultant pressure on the 
formation can be clearly seen, and is even more pro- 
nounced when the injected fluid is more viscous. From 
the time the sand-oil mixture reaches the formation 
until the start of the flush, the friction accounts for 
1,100 to 1,400 psi loss in pressure above the static head; 


WELL B WELL C 
EAST TEXAS WOODBINE 

TUSSEY UMESTONE TOTAL ZONE THICKNESS "771 SANDSTONE TOTAL ZONE THICKNESS 78 FT 

PRESSURE GAGE 3544. 


PRESSURE PSIG 
00 2000 3000 


SOUTHERN OKLAHOMA 
TUSSEY LIMESTONE TOTAI ZONE THICKNESS 70 FT 
PRESSURE GAGE DEPTH 
PRESSURE PSIG 
2000 3000 40x 5000 


PRESSURE GAGE DEPTH 3560H. 


PRESSURE PSIG 
2000 3000 4000 S000 


1000 


4 APPARENT FRACTURE 
Fala 
4 HOLE PRESSURE 4 
He 3/8 
4 H 3 
4 ‘SUBFACE PRESSURE UPHOLE PRESSURE 
{ __ START PUMPING GEL 
H 
4 | START SAND 4 
| 
z nals 4 
: 
1 
AG pe ase SAND 3 
TO. \ 
PUSH AT FORMATION \ 3 
mal 
: 
4 4 


SE 
z 2 
FLUSH . CRUDE 
40 


4 


Fic. 1—Surrace anp Borrom-Hote Pressure ReEcorps TAKEN 
Durine Fracturtnc TREATMENTS. 


PETROLEUM TRANSACTIONS, AIME 


= 


WELL O WELL E 
WELL F 
SOUTMERN OKLAHOMA SOUTHERN OKLAHOMA 
JHICKNESS 12FT TUSSEY LIMESTONE TOTAL ZONE THICKNESS 20 FT | TUSSEY UMESTONE TOTAL ZONE THICKNESS |9FT 
PRESSURE GAGE DEPTH 3317FT 


PRESSURE GAGE DEPTH 319°FT PRESSURE GAGE DEPTH 2919FT 


PRESSURE PSIG PRESSURE PSIG 
PRESSURE PSIG 


1000 2000-3000 4000 5000 2000-3000 400050 


APPARENT FRACTURE nu BOTTOM HOLE PRESSURE 


SURFACE Pressune 


— 


| —— 


|__ 


ot] 


T CRUDE 56 


SURFACE PRESSURE APPARENT FRACTURE 


SURFACE PRESSURE 


BREAKOOWN 
CRUDE 36 


OTTOM HOLE PRESSURE j 


CRUDE 56 BBL 


a 
z 


3 
‘5300 18S. SANO 
7000 LBS. SAND. 
SAND.OIL MIX 
83,5 BBL Ol 
7000 18S. SAND 


TIME IN MINUTES. 


‘OW LEASE SANO-OlL MIX 65.5 BBL 


225 BBL 


FLUSH 
CRUDE 34 
FLUSH LEASE CRUDE 


7LUSH.LEASE CRUDE 


= 


Fic. 2—Surrace anp Botrom-HoLe Pressure Recorps TAKEN 
Durinc Fracturing TREATMENTS. 


or from 2,400 to 2,700 psi total pressure loss. The 
higher pumping rates during this period increase the 
friction losses although the bottom-hole pressure re- 
mains about the same. 


The passage of the fluid interfaces into the formation 
can be picked out from the two pressure records. The 
passage of the crude-oil to sand-oil interface is evi- 
denced by the minimum on the bottom-hole record and 
the sharp increase in the surface record. If we take the 
total load volume of the tubing and divide it by the 
time from the start of the interface into the tubing to 
the assumed interface passage, we obtain a flow rate 
comparable to that obtained by averaging the total fluid 
used during the time of injection. This gives a reason- 
able check on the above interpretation of the record. The 
passage of the lease-oil interface at 39 minutes is evi- 
denced by the declining bottom-hole pressure and the 
break in the surface pressure. Again, a volume calcu- 
lation checks very closely with this point. 

The pressure records of Well B, Fig. 1, show no 
sharp break-back in the bottom-hole pressure under the 
initial pressure surge as in the previous case. However, 
break-backs and a regaining of formation pressure at 
20.5, 22, 25, and 33.5 minutes are observed. These tem- 
porary decreases in bottom-hole pressure are interpreted 
to represent the opening of fractures of limited extent. 
When the fractures are pressured-up by the injected 
fluid, the pressure increases to near the original value. 
This well had been previously fractured, which provides 
a plausible explanation for this particular type of break- 
back in pressure. Since the formation was highly per- 
meable, the tubing would not hold a load of lease oil; 
therefore the survey started with a load of gel in the 
well. Nevertheless, it is possible to pick out the points 
at which sand as well as the flush oil entered the forma- 
tion. These are indicated on the record at 19 and 50 
minutes, respectively. The large pressure break-backs 
are not present on the surface pressure record. In a 
like manner the drops in the surface pressure at 45 and 
49 minutes are not recorded on the bottom-hole pres- 
sure record. These drops in wellhead pressure were 
caused by a switching of tanks and a momentary slow- 
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ing of the pumps, respectively. The bottom-hole pres- 
sure remained above the surface pressure most of the 
time during the gel injection. The surface pressure be- 
came greater than the bottom-hole pressure during the 
first part of the flush because of the increase in flow 
rate. 

In Well C, Fig. 1, the sharp break-back in bottom- 
hole pressure again indicates an apparent fracture on 
the initial pressure surge. A sharp peak in the surface 
pressure is also noted in this record. However, the dis- 
tinguishing feature of the formation pressure record is 
that a maximum pressure was reached just before the 
formation fractured. On the surface record subsequent ~ 
pressures greatly exceed the pressure indicated by the 
break-back peak. The maximum bottom-hole pressure 


— exceeded the overburden pressure as calculated in the 


case of Well A. This indicates the probable fracturing 
of the formation with lease crude oil in the well. The 
loss in bottom-hole pressure during the injection of the 
sand-oil exceeded the hydrostatic head by approximately 
2,200 psi. Again, the increased surface pressure resulted 
in no increase in bottom-hole pressure during this per- 
iod. The passage of the various interfaces into the 
formation can be located as in the previous examples. 

The record obtained on Well D, Fig. 2, again shows 
an apparent fracture occurring with the initial pressure 
surge. This fracture is indicated only slightly on the 
surface record. The maximum formation pressure again 
exceeded the probable overburden pressure at the time 
of fracture. This record strikingly illustrates that the 
wide variations of the surface pressure due to changes 
in pump speeds have very little effect on the bottom- 
hole pressure. The decrease in bottom-hole pressure 
from 25 to 30 minutes was caused by the intense vi- 
bration of the borehole instrument. These vibrations 
were introduced by the non-synchronous operation of 
the pumps and cannot be considered as an accurate 
measure of the bottom-hole pressure in this region. 

In the records of Well E, Fig. 2, the occurrence of 
a fracture is in doubt. The gradual break-back in the 
bottom-hole pressure following the initial surge may in- 
dicate some increase in formation permeability, but this 
increase is not sufficient to prevent the pressure from 


- increasing to another peak. The second peak, at 18 min- 


utes on the record, is the maximum bottom-hole pres- 
sure recorded. However, little increase in permeability 
is indicated in the subsequent portion of the record. It 
is interesting to note that although the bottom-hole pres- 
sure greatly exceeded the over-burden pressure in this 
case, no major fracturing is indicated. 

The records of Well F, Fig. 2, again show an ap- 
parent fracture occurring during the initial pressure 
surge. It is very apparent in this record that the bot- 
tom-hole pressures remained essentially constant after 
the fracture even though various fluids and surface pres- 
sures were used. This levelling-off of the bottom-hole 
pressure curve is characteristic of all the records taken 
which show an apparent fracture. Because of the ex- 
ceedingly flat pressure characteristic shown in this rec- 
ord, it is difficult to detect the passage of the various 
interfaces into the formation. 

Samples of the fluids and mixtures used in all of 
these tests were collected in sealed containers at the 
time of the treatment. A summary of the fracture sur- 
veys as well as the properties of the fluids used are 
shown in Table 1. Because the exact formation tem- 
perature was not known in each case, the gravities and 
viscosities were determined at several standard temper- 
atures. The temperatures shown in the table were closely 
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TABLE 1—SUMMARY OF FRACTURE SURVEYS AND PROPERTIES OF FLUIDS USED 


Summary ef Fracture Surveys Properties of Fracturing Fluids 2 
Depths of Casing Pressure Average 
Appareni| Fluids Specific Gravity Gravity (° API) Viscosity (cp) 
Well From To (f) (psig) (BPM) Fracture Used 60° F 80° F 60° F 80° F 60° F 80°°F M100" F205 F 
Spoe9 3,546 3,560 3,830 8.3 Yes d 0.865 32 11.5 k 
OF 933 20 300 130 
Frac. Oil 0 
A 3,558 3,566 ; 
Lse. Crude 
Lse. Crude 0.8761 30.03 69.0 24.4 49 
37400 Yes Oil 0.9210 22.14 549.0 80. 
Lse. Crude 0.8741 30.40 80.0 33.0 C 
Yes Oil 0.9160 22.98 381.0 1390 12.6 
6.7 
3,152 3,158 3,198 5,200 9.9 No Lse. Crude 0.9130 23.48 600 
E 3,164 3,170 Frac Oil? 0.9169 22.98 315 oars wes 
2,874 2,889 2,919 3,110 10.1 Yes |Lse. Crude 0.8771 29.85 95.0 d 5 
Yi 2,900 2,904 Frac. Oil 0.9180 22.64 549 84.9 7.3 


1Well had been previously subjected to a fracturing treatment. £: : 
2Estimated from operation, since this is a function of shear rate and mixing time. 
3Contains low fluid loss additive. 


controlled and the viscosity measurements were taken 
using a Brookfield Synchro-Letric viscometer. The frac- 
turing oil and gel viscosities were measured without 
the sand in suspension. The gel viscosity could not be 
accurately measured because of the nature of the fluid; 
however, an approximate range of values is given. 
Although an effort was made to obtain accurate 
data during these treatments, some parameters could 
not be adequately controlled or measured. For a com- 
plete analysis, especially to include the properties of 
the fluids used in fracturing, such variables as the sur- 
face and bottom-hole temperatures and injection flow 
rates should be measured in addition to the pressures. 


By a direct comparison of surface and bottom-hole 
pressures, the following information may be obtained: 
(1) the maximum pressure exerted against the forma- 
tion, a rapid pressure decline implying fracturing, (2) 
the hydrostatic head of the fluid column when the fluid 
is not flowing, (3) whether the improved permeability 
of the formation was maintained, (4) the fluid pres- 
sure loss experienced because of flowing friction in the 
tubing, (5) passage of various fluid interfaces into the 
formation, and (6) pressures obtained with various 
fracturing fluids entering the formation. 

The damping effect of the fluid-filled column is best 
illustrated in the detection of the rapid change in per- 
meability of the formation caused by a fracture. When 
the well is fluid filled, previous to applying pump pres- 
sure, the gauge records a pressure equal to the hydro- 
static head of the fluid column. If pressure is applied 
at the wellhead and no fluid movement results, the dif- 
ference between the two pressures still represents the 
static head. However, if a fracture occurs, the fluid 
moves rapidly into the formation, thus reducing the 
bottom-hole pressure because of the rapid increase in 
the flowing friction through the tubing. Under ideal 
conditions the wellhead pressure should be maintained 
constant to produce this effect. In the cases illustrated, 
the rapid drop in formation pressure is very pronounced, 
even though the surface pressure may increase during 
this interval. The maximum pressure at the formation, in 
the case of a fracture which is maintained open through- 
out the treatment, will occur immediately preceding the 
actual fracture. If the permeability of the formation is 
maintained, the pressure at the formation will remain 
below the level required to initiate the fracture. This 
maximum formation pressure followed by the rapid de- 
cline to a lower pressure, is not reproduced in the sur- 
face pressure records in this distinctive form. Therefore, 
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the actual bottom-hole pressure is of utmost impor- 
tance if initiation of a fracture is to be detected. 

In the case where the formation opens, then closes, 
or a limited fracture is incurred, the pressure at the 
formation would show a decrease and then an increase 
as the friction losses (and consequent pressure drop in 
the tubing) successively increase and decrease with flow 
rate. For the case where no fracture occurs, the pres- 
sure at the formation should follow the trend of the 
wellhead pressure with a slight deviation due to friction 
losses and changes in hydrostatic head with various 
fluids. The effect of pressure on flow rate, and, hence, 
the friction losses, would be controlled primarily by the 
permeability of the formation. 

In order to analyze the result of the passage of a 
fluid interface into the formation, we must consider 
first the effect of the movement of the interface down 
the tubing. Normally, for fluids used in a fracturing 
operation, the contrast in viscosity of the fluids is much 
greater than the contrast in their density. Therefore, the 
variation in pressures with the passage of an interface 
down the tubing is governed mostly by the change in 
friction losses. For a constant flow rate there will be a 
linear increase or decrease in the difference between the 
wellhead and bottom-hole pressures, depending upon 
whether the change is from a less viscous to a more 
viscous fluid or vice versa. Upon entry of the interface 
into the formation, the pressure difference will tend to 
become constant, thus marking the interface. 

Since the differences in the surface and bottom-hole 
pressures under flowing conditions depend greatly upon 
the viscosity and the resultant friction losses, the surface 
pressure can be expected to rise considerably when 
changing from a low viscosity fluid to a high viscosity 
fluid while maintaining a relatively constant flow rate. 
The rise in surface pressure in this case does not effect 
an increase in the bottom-hole pressure since the added 
pressure is used to overcome the friction losses in the 
tubing. This effect is noted in the examples given where 
the fluid is changed from a lease crude to a more vis- 
cous frac oil. 


By obtaining the actual pressure on the formation 
during a fracture treatment, and if the inherent tectonic 
stresses are known, it should be possible to determine 
the type of fracture induced. 


CONCLUSIONS 


The observation of both the wellhead and bottom- 
hole pressures during fracturing operations is necessary 
to a complete understanding and possible improvement 
of this process. With specific reference to the fracturing 
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treatments through tubing presented in this paper, the 
following conclusions are of particular interest. 

1. Bottom-hole pressures cannot be accurately de- 
termined from surface pressure measurements. 

2. The actual pressure exerted against a formation in 
most cases is relatively constant. The long fluid col- 
umns tend to dampen surface pressure fluctuations. 

3. In four of the six wells tested, fracturing was ap- 
parently induced by the thin load oil rather than the 
thick sand-oil mixture. 

4. The increased surface pressure required to displace 
the thick sand-oil mixture is not necessarily transmitted 
to the formation. The high friction losses concomitant 
with the flow of a viscous oil may actually reduce the 
pressure exerted on the formation. From the records 
presented the actual friction loss can be calculated. 


5. Because of the high friction losses, it is possible 


to have bottom-hole pressures considerably less than the 
surface pressures. 

6. If the tectonic stresses can be determined, it should 
be possible to estimate the nature and extent of frac- 
turing by obtaining accurate bottom-hole pressures. 

7. In most cases it is possible to detect the passage 
of the interface of two fracturing fluids into the forma- 
tion from the bottom-hole pressure record. 

Through the use of a continuous surface recording 
bottom-hole pressure gauge, a better insight into the 
characteristics of well fracturing has been obtained. It 
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is anticipated that the accumulation of additional data 
in various areas and under different conditions will pro- 
vide the necessary information to allow better control 
and improved practices in the application of the frac- 
turing process. 
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Use of Chemicals to Maintain Clear Water for Drilling 
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ABSTRA GT 


Fresh water or brine drilling fluids may be kept free 
of suspended drilled solids by the addition of a water 
soluble acrylamide-carboxylic acid copolymer at the 
flowline. Addition of from .01 to 0.2 Ilb/bbl of the 
polymer solution to drilling fluids containing less 
than 5 per cent clay solids by weight causes the solids 
to flocculate and settle rapidly to the bottom of the pits. 
Solutions of the polymer injected at the pump suction 
reduce the loss of water to permeable formations with- 
out impairing the permeability to oil. The use of drill- 
ing fluids clarified with the polymer has resulted in in- 
creased drilling rates, extended bit life, and lower drill- 
ing fluid costs. 


ENE ROD UC 


Field experience and the results of a number of in- 
vestigations have established that the accumulation of 
solids in drilling fluid reduces drilling rate.*° Drilling 
with water makes possible higher drilling rates than 
can be achieved with mud but in many areas drilling 
with water may not be feasible because of the possi- 
bility of encountering high formation pressures or hy- 
dratable formations. To combat these conditions, the 
drilling fluid must possess certain physical properties 
such as viscosity, density, fluid loss, etc., which require 
the presence of solids. 

The current trend in drilling fluid treatment is to 
maintain as low a percentage of solids as is possible 
without harmfully affecting the mud properties needed 
for drilling. Mechanical separating devices such as wet 
cyclones and decanting-type centrifuges are proving to 
be an economical means of controlling the percentage 
of solids and thereby maintaining low solids muds. Also. 
special muds have been developed for the purpose of re- 
tarding the hydration of drilled solids so that they may 
be more easily removed by shale shakers or settling pits. 


Original manuscript received in Society of Petroleum Engineers 
office on Sept. 5, 1957. Revised manuscript received Feb. 18,. 1958. 
Paper presented at 32nd Annual Fall Meeting of Society of Petro- 
leum Engineers in Dallas, Tex., Oct. 6-9, 1957. 

‘References given at end of paper. 

Discussion of this and all following technical papers is invited. 
Discussion in writing (three copies) may be sent to the offices of 
the Journal of Petroleum Technology. Any discussion offered after 
Dec. 31, 1958, should be in the form of a new paper. 


70 


PAN AMERICAN PETROLEUM CORP. 
TULSA, OKLA. 


In some areas, such as West Texas, the characteristics 
of some formations will permit drilling with water. How- 
ever, because of the dispersion of drilled solids, it is 
usually not possible to maintain clear water even with 
the aid of mechanical separators, or by utilizing large 
settling pits. For this reason the commonly used term 
“water drilling” is a misnomer since the water usually 
contains some solids. 


Because of the improved drilling rates and other 
benefits which might be effected, a laboratory and field 
study was made of the use of flocculating agents for 
maintaining clear water for drilling. 


PR.O CE DY RE 


LABORATORY—SOLIDS SETTLING 


Two techniques were employed to determine the ef- 
fectiveness of flocculating agents in settling solids from 
drilling mud. 

First, the rate of fall of solids was measured in gradu- 
ated beakers containing mud treated with various floc- 
culating agents. Natural gum, oil-in-water emulsions 
prepared with ethoxylated nonyl phenols and diesel oil, 
and a powdered synthetic acrylamide-carboxylic acid 
copolymer* (hereinafter referred to as “polymer”) were 
tested as flocculating agents in both fresh water and salt 
saturated muds containing 4 per cent solids. The poly- 
mer was not added in the powder form directly to the 
muds but was first dissolved in water in a concentra- 
tion of 3.5 lb/bbl. The polymer solution was then added 
directly to the mud. The concentration of the flocculat- 
ing agents, including the polymer, was varied. High 
rates of fall of the solids indicated high flocculating effi- 
ciency. 

A second technique consisted of measuring the time 
in minutes required to obtain clear water at the pump 
suction after addition of the various flocculating agents 
at the flowline. These tests were made using a model 
mud circulating system having a total volume of ap- 
proximately 10 gal. The natural fresh water and brine 
muds used contained 4 per cent solids. A sketch of the 
circulating system appears in Fig. 1. The circulating rate 


P od under the trade-mark SEPARAN 2610, by the Dow Chem- 
ical Co. 
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used during tests was equivalent to 10 bbl/min in an 
average-size field mud system. A small centrifugal pump 
powered by an electric motor served as a slush pump. 


LABORATORY—FLuIp Loss 


The effect of the polymer on fluid loss was measured 
by standard API filtrate tests and by flow rate tests 
through sandstone cores measuring 1 and 2 in. in di- 
ameter, and 2 to 28 in. in length. Permeability of the 
cores varied from 10 to 1,500 md. Some of the cores 
were treated with ethyl silicate to eliminate clay effects 
during permeability tests. Comparison of the permea- 
bilities of the cores to water with the permeabilities to 
water after exposure to the polymer solution indicated 
the plugging effect. The polymer was used in a concen- 


tration of 0.175 lb of the dry powder per barrel of — 


water. During some tests the faces of the cores were 
continuously scraped to prevent surface coating. 

Depth of plugging was also determined by measuring 
permeabilities as successive increments were sliced from 
the end of a sandstone core 8-cm long. First, the per- 
meability to distilled water was determined. Then 8.5 
ml of the polymer solution was injected and the mean 
water permeability measured in the direction counter to 
which the polymer solution had been injected. Segments 
of core were then removed from the plugged face of the 
core and the permeability of the remaining part was 
measured. Permeabilities were measured with a differen- 
tial pressure of from 10 to 80 psi. 

Other permeability measurements were made on cores 
which were saturated with oil before injection of the 
test fluids. The purpose of these tests was to investigate 
the behavior of the polymer in the presence of oil and 
also to observe the effect on oil permeability. 


FIELD 

A 1 per cent aqueous solution (3.5 Ib/bbl) of the 
polymer was mixed in a large volume tank or in mani- 
folded drums suitably positioned to permit gravity feed 
to the mud system. Aspirator-type solids dispersers and 
mechanical or air agitators were employed in dissolving 
the polymer. 

To clarify the solids-laden fluid discharging from 
the wells, a continuous stream of the polymer solution 
was introduced just below the shale shaker where the 
fluid from the flowline discharged into the pits. Here, 
sufficient agitation was available to provide adequate 
dispersion of the polymer solution in the mud. 

The polymer solution was added at a sufficient rate 
to maintain clear fluid at the pump suction. Rate of in- 
jection was dependent on both quantity and nature of 
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solids in the fluid and was varied from % to 4 |b of 
polymer in solution per hour. Solids such as bentonite 
which dispersed readily in the mud (referred to as 
high yield solids in this report) required the higher 
quantities of polymer. Solids such as kaolinite or shale 
which did not disperse well (referred to as low yield 
solids) required the lower quantities of polymer. 


When practical, the fluid discharging from wells was 
circulated through earthen reserve pits to take advan- 
tage of the large settling area and obviate otherwise fre- 
quent jetting of the steel circulating pits to remove set- 
tled solids. Fig. 2 shows a typical fluid circulating sys- 
tem used during field tests. When it was not possible to 
circulate through a reserve pit, the settling pit was jetted 
when solids accumulated sufficiently to begin flowing 
into the suction pit. 

To reduce fluid loss to permeable formations, the 
polymer solution was injected directly into the pump 
suction line. The quantity injected varied from 1 to 6 
Ib in solution per hour depending upon the permeability 
of the formations penetrated. Where available, electric 
logs of adjacent wells were consulted for indications of 
depths where permeable strata might be encountered. 
Seventeen field tests were conducted. 


ES 


LABORATORY 


The results of typical settling rate tests in graduated 
beakers are presented graphically in Fig. 3. The periods 
of time required to obtain clear water in the model cir- 
culating system after adding various flocculating agents, 
including the acrylamide-carboxylic acid copolymer, to 
mud containing 4 per cent solids are shown in Table 1. 

‘Figs. 4, 5, and 6 show the effects of the polymer 
on the permeability of sandstone cores. The return water 
permeability-of natural Nellie Bly sandstone in the 1,000- 
md range measured from 2 to 5 per cent of the original 
permeability after exposure to water containing 0.175 
lb of polymer per barrel. The mean water permeability 
of Nellie Bly sandstone cores, with clays made water in- 
sensitive with ethyl silicate, measured approximately 10 
per cent of the original water permeability after ex- 
posure to the same solution of the polymer. Experi- 
ments conducted to determine depth of plugging indi- 
cated that the “plugged zone” comprised approximately 
one-half of a test core 8-cm long (Fig. 6). Fig. 7 is a 
graphical presentation of these same data. 

Ninety-seven per cent of the mean relative permea- 
bility to oil was recovered by backflowing oil through 
a Turkey Mountain sandstone core in which clays had 
been made water insensitive and the core exposed to a 
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polymer solution of 0.175 Ib/bbl of water. Similar re- 
sults were obtained using native state oilfield cores. 


No visible filter cakes were formed on cores exposed 
to the polymer-treated water or brine. 


FIELD 


Table 2 is a tabulation of field tests where the poly- 
mer was used for settling out solids from water and 
brine and preventing fluid loss to permeable formations 
in wells ranging in depths from 234 to 11,160 ft. 

Fig. 8 (Field Test No. 2) compares the drilling rate 
obtained on a well in Andrews County, Tex., where 
the drilling water was clarified with the polymer and the 
drilling rate of two wells drilled in the same area with- 
out benefit of the polymer treatment. The three wells 
compared were drilled with the same rig operated by 
the same crew. 


Fig. 9 compares the drilling rate of a well in Midland 
County, Tex. (Field Test No. 14), drilled with water 
clarified with the polymer from a depth of 8,535 to 
9,800 ft with the drilling rates for the same interval in 
four adjacent wells which were drilled with conven- 
tional drilling mud. Utilizing the polymer-treated sys- 
tem, a 43 per cent increase in drilling rate and a 37 


TABLE 1—PERFORMANCE OF FLOCCULATING AGENTS IN A 
MODEL CIRCULATING SYSTEM 


Time in Minutes 


Drilling Flocculating Optimum Concentration to Obtain Clear 
Fluid Agent of Flocculating Agent Water at Pump Suction 
Water Acrylamide 0.0175 Ib/bbi 0.5 
Carb. acid 
Copolymer 
Brine Acrylamide 0.0175 Ib/bbI ‘ 0.5 
Carb. acid 
Copolymer 
Water Ethoxylated 
nonyl phenols 4 gal/bbi oil 8.0 
+ diesel oil 10 Per cent 
Brine Ethoxylated 
nonyl phenols 4 gal/bbl oil 6.5 
+ diesel oil 10 Per cent 
Water Natural gum 0.35 Ib/bbi 7.5 
Brine Natural gum 0.35 Ib/bbI 7.0 
Water None No clear water SS, 
obtained 
Brino None 4,800.0 
72 


per cent decrease in drill bit requirements was observed. 
The five wells compared were drilled with the same rig 
and crew. 

Water requirements, which are high in some areas 
such as New Mexico and West Texas, have been re- 
duced by as much as 50 per cent. 

Some typical savings in cost realized by drilling with 
clear water treated with the polymer are shown in 
Table 3. 


DIS CU 


Rapid flocculation and rapid sedimentation are requis- 
ites for clear water drilling operations as the drilling 
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ttuid emerging from the well must be clarified, while in 
motion, during the relatively short period of time in 
which the mud passes from the fiowline to the pump 
suction. 

As shown in Table 1, the optimum concentration of 
the polymer to obtain maximum flocculating efficiency 
was found to be approximately 0.0175 1b/bb] of mud. 
Overtreatment with as much as three times this amount 
did not impair or improve flocculating efficiency. 

The data were obtained using natural fresh water 
and brine drilling fluids containing 4 per cent clay solids 
by weight in a model circulating system. Clear water 
was obtained at the pump suction in 0.5 minutes upon 
treatment of both the fresh water and the brine drilling 
fluids with 0.0175 Ib/bbl of the polymer in an aqueous 


solution as compared to from 6.5 to 8 minutes when 


treating with higher concentrations of the other floccu- 
lating agents tested. Fig. 3 is a comparison of the floccu- 
lation efficiency of the same agents under static con- 
ditions. 

The mechanism by which the polymer acts as a floc- 
culating agent differs from some of the more common 
mud flocculating agents such as calcium hydroxide and 
calcium sulfate. The polymer, in addition to causing 
clay particles to group together, effects direct bonding 
between particles by virtue of the affinity for and ad- 
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TABLE 2—RESULTS OF FIELD TESTS USING AN ACRYLAMIDE- 
CARBOXYLIC ACID COPOLYMER 


Test Depths 
No. Area (ft) Results 


1 Winkler County, Tex. 459- 3,559 


Trip time reduced six hours 

Drilling time reduced 35 per 
cent 

Bit life increased 25 per cent 

Drilling time reduced 39 per 
cent 

Bit life increased 18 per cent 

Trouble-free trips 

Reduced fluid loss to forma- 
tions 80 per cent 

Reduced mud costs 50 per cent 

550- 8,747 Reduced drilling time 41 per 
cent 

Increased bit and pump liner 
life 26 per cent 

Reduced fluid loss to forma- 
tions 95 per cent 

Increased penetration rate 34 
per cent 

Increased bit life 19 per cent 

Reduced fluid loss to forma- 
tions 50 per cent 

Increased penetration rate 31 
cent 

Increased bit life 22 per cent 

Drilled 1,000 ft deeper than 
adjacent wells with water 

Saved $2,000 on mud costs 

Regained circulation by slug- 
ging 20 Ib of polymer 

Reduced seepage 66 per cent 

Increased penetration rates and 
bit life 

Drilled to 5,020 ft in 11 days 
(fastest drilling rate rec- 
orded in area). Stopped 
water loss to formations 

Prevented water seepage. Re- 
duced drilling time. In- 
creased bit and pump liner 
life 26 per cent 

Saved nine bits. Saved 128 
rotating hours 

Saved 13 bits. Saved 85 ro- 
tating hours over 5,000-ft 
interval 

14 Andrews County, Tex. 8,550- 9,800 Saved 2% bits, 22 hours drill- 
ing time over 1,250-ft in- 
terval. 

Chemical cost $25. Savings 
$2,000 

Reduced fluid seepage from 
40 to O bbl/hr. Reduced 
drilling time, increased bit 
and pump liner life. 


Inadequate fluid volume and 
settling area prevented main- 
tenance of clear water at 
pump. Highly bentonitic sol- 
iids required reserve pit cir- 
culation. 

Reduced drilling time nine days 
to 7,800 ft. Good bore 
conditions. 


2 Andrews County, Tex. 352- 4,050 


3 Scurry County, Tex. 4,995- 7,560 


4 Winkler County, Tex. 


5 Scurry County, Tex. 2,730- 6,750 


6 Scurry County, Tex. 4,460- 7,000 


7 Andrews County, Tex. 5,500-11,160 


8 Lipscomb County, Tex. 3,460- 6,135 


9 Lipscomb County, Tex. 365- 3,493 


\ 


10 San Juan County, N. M. 263- 5,020 


11. San Juan County, M. 234- 4,700 


12. Lipscomb County, Tex. 1,719- 3,115 


13. Andrews County, Tex. 5,435-10,710 


15 Lea County, N. M. 4,250- 4,770 


16 Cleveland County, Okla. 925- 2,735 


17. Alberta, Canada 2,100- 7,800 


sorption on solids by the amide and carboxyl groups. 
This property promotes formation of larger groups of 
particles and effects more efficient flocculation. The ad- 
sorption is essentially an irreversible process. 

As a result of its affinity for and adsorption on sol- 
ids, the polymer does not remain long in the circulat- 
ing fluid. The polymer must be continuously injected 
into the drilling fluid system as a dilute aqueous solu- 
tion. The need for continuous injection presented no 
problem in the field. A single batch prepared daily and 
allowed to flow slowly into the mud system continuously 
while drilling proved to be a satisfactory means of main- 
taining clear water at the pump suction. 

The addition of the polymer to water in concentra- 
tions of from 0.02 to 0.3 lb/bbl did not reduce the fil- 
trate rate through Whatman No. 52 filter paver as meas- 
ured by the standard API fluid loss test. It was subse- 
quently found, however, that the permeability to water 
of sandstone cores was appreciably reduced on expos- 
ure of cores to solutions containing from 0.0175 to 
0.175 1b/bbl of the polymer. 

The property of the polymer for reducing formation 
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permeability to water without impairing the permeability 
to oil is illustrated in Figs. 4, 5, and 6. Without this 
property, clarified water drilling would be neither eco- 
nomical nor desirable as both the excessive loss of drill- 
ing fluid and damage to the permeability of oil-bearing 
zones could not be tolerated in many wells. 

The mechanism by which formation permeability is 
reduced probably is a result of the large molecules of 
the polymer plugging the rock pores by adsorbing to 


the pore walls. The plugging tendency of the polymer _ 


was observed in consolidated cores having a permea- 
bility as high as 1,500 md. The depth of plugging 
achieved on exposure of formations to the polymer 
solution has not been completely investigated, although 
Figs. 6 and 7 indicate that the plugged zone would ex- 
tend at least a short distance into the formation. 

These laboratory results show that the addition of a 
water solution of an acrylamide-carboxylic acid copoly- 
mer to drilling fluids containing less than 5 ver cent clay 
solids by weight causes the solids to flocculate and set- 
tle rapidly. The results further show that treatment of 
low solids drilling fluids with from 0.0175 to 0.175 Ib 
of polymer per barrel of fluid will provide clear water 
at the pump suction. It is also shown that treatment 
with the polymer solution reduces the permeability of 
formations to water by as much as 90 to 98 per cent 
without impairing the oil productivity of these forma- 
tions. 

The 17 field trials conducted using the polymer for 
the purpose of removing suspended solids from the 
drilling water and preventing fluid loss to permeable 
formations were, in general, successful. Penetration rates 
were increased an average of 50 per cent, bit life was 
extended approximately 25 per cent, and mud costs were 
reduced by as much as 50 per cent. Examples are 
shown in Tables 2 and 3, and Figs. 8 and 9. 


Table 3 shows typical savings realized through the 
use of the polymer. The total savings realized on the five 
wells selected varied from $2,500 to $9,000. The cost 
of using the polymer ranged from $300 to $500 per 
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TABLE 3—TYPICAL SAVINGS REALIZED THROUGH USE OF ACRYLAMIDE 
CARBOXYLIC ACID COPOLYMER 


(Rig time charge: $1,000.00 per day—Bit cost: $200.00 each) 


Field Depths Total Cost 
Test No. Area (ft) Principal Effects Savings 
1 Winkler County, Tex. 459- 3,559 Reduced trip $2,500.00 
time—Six hours 
Reduced drilling 
time—35 Per cent 
Increased bit 
life—25 Per cent 


5 Scurry County, Tex. 4,995- 7,560 Reduced water $4,000.00 
loss—80 Per cent 
Reduced total mud 
costs—50 Per cent 
7 Scurry County, Tex. 2,730- 6,750 Reduced water $4,100.00 
loss—95 Per cent 
Increased penetration 
rate—34 Per cent 
Increased bit 
life—19 Per cent 
9 Andrews County, Tex. 5,500-11,160 Obtained $0.50/ft $2,500.00 
footage price reduc- 
tion from contractor 
2,100- 7,800 Reduced drilling $9,000.00 
time—Nine days 


20 Alberta, Canada 


well. Maintenance costs averaged from $15 to $50 per 
day. 

These field results indicated that the use of the poly- 
mer to provide clear water for drilling increased pene- 
tration rates and bit life and sharply reduced mud costs. 

Other benefits were experienced early in Field Test 
No. 1 in Winkler County, Tex., in that the first round 
trip at 1,750 ft required only two hours. Usually the 
first trip in the redbeds requires from four to nine hours 
because of the pipe dragging in the bore. The reason 
for this fast trip time is believed to be a result of the 
low fluid loss properties of the polymer solution in that 
little or no filter cake was deposited to hinder the move- 
ment of the drill string. It was observed that there was 
less sloughing of the redbeds during this and subsequent 
tests in the same area as compared to results obtained 
with conventional drilling fluids which is an indication 
that the polymer was retarding the hydration of the 
redbeds. 

Field Test No. 3 was conducted in Scurry County to 
substantiate the plugging effect of the polymer observed 
in the laboratory. Gel chemical mud and lost circulation 
materials are usually required in this area because fluid 
loss to permeable formations by seepage is severe from 
the surface down and becomes excessive below 5,000 ft. 
On the test well a polymer solution was injected into 
the pump suction line at a rate of 1.3 to 4 lb of polymer 
per hour. As a result of this treatment, loss of fluid to 
permeable formations was reduced by 80 per cent. The 
generally troublesome shale section between 6,100 and 
7,500 ft was penetrated without difficulty. On this well 
the mud cost was reduced to approximately one-half of 
the average for 13 other wells drilled in the area with 
conventional drilling fluids. 

In another well (Field Test No. 5) in the same field 
the loss of drilling fluid to permeable zones was reduced 
with the polymer to 5 per cent of the normal fluid loss. 

The ability of the polymer to reduce sharply fluid 
loss to permeable rock was observed in other wells in 
Texas, Oklahoma, and New Mexico. For example, in 
Test No. 8 on a well in the Texas Panhandle, circula- 
tion was completely lost and upon injection of a slug of 
concentrated polymer solution (approximately 20 lb of 
polymer in 10 bbl of water) full returns were regained 
immediately. 

Field Test No. 4 in Winkler County is of particular 
interest as this hole which was drilled with clear water 
treated with the polymer was sufficiently free of filter 
cake, bit cuttings and cavings to permit setting of casing 
without mudding up. 
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Field Test No. 16 was unsuccessful because of insuffi- 
cient pit volume for settling of the flocculated solids. In 
this test circulation was possible only through two 250- 
bbl capacity steel mud pits since the reserve pit, which 
would have provided sufficient settling space, was below 
the level of the steel pits. When sufficient pit volume is 
not available for settling the flocculated solids, the fre- 
quency of jetting to remove solids is too high for effi- 
cient operation. Where the use of a large reserve pit is 
impractical or impossible, wet cyclone separators or 
other mechanical separating devices which are capable 
of reducing the solids content of the drilling fluid may 
aid in reducing the frequency of jetting. 

The low cuttings carrying capacity of the solids-free 
drilling fluid was found to be a disadvantage in areas 
where hole washouts occurred. A 

When these washouts occur, the bit cuttings and 
flocculated solids tend to accumulate on bottom when 
circulation is stopped. The solids, however, are easily 
removed upon resumption of circulation and have in no 
case shown a tendency to cause the drill string to stick. 

In these field tests, conversion from clear water drill- 
ing to mud drilling was necessary at various drilling 
depths for such reasons as (1) the need for improving 
the bit cuttings carrying capacity to keep the hole clean 
or to provide samples of adequate size for geological in- 
spection, (2) a higher fluid density to combat antici- 
pated formation pressures, and (3) to combat loss of 
circulation with bridging materials. 

If it is necessary to convert to mud after using the 
polymer, injection of polymer solution may be discon- 
tinued one to two hours or 100 to 200 ft before adding 
clay. The polymer completely disappears in a relatively 
short time because of adsorption to solids. 

The polymer has been found to be both practical and 
economical for providing clear water for drilling in 
areas where water drilling is feasible and indications 
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are that this treating chemical will become more widely 
used in the near future. 


CONCLUSIONS 


1. The addition of a water solution of a synthetic 
acrylamide-carboxylic acid copolymer to drilling fluids 
containing less than 5 per cent clay solids by weight 
causes the solids to flocculate and settle rapidly. 

2. Treatment of low solids drilling fluids with from 
0.0175 to 0.175 lb of polymer per barrel of fluid pro- 
vides clear water at the pump suction for drilling. : 

3. Treatment with the polymer solution reduces the 
permeability of the formations tested in the laboratory 
to water by 90 to 98 per cent without formation of 
visible filter cakes. 

4. Exposure of the oil-bearing formations tested in 
the laboratory to water treated with the polymer does 
not impair the permeability of the formations to oil. 

5. The use of the polymer in applicable areas to pro- 
vide clear water for drilling increases drilling rate and 
bit life and lowers mud costs. 

6. The loss of water to permeable formations, other 
than loss to vugs, caverns or fractures, while drilling 
may be effectively controlled by addition of from 1 to 
4 lb of polymer per hour at the pump suction. 
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Miscible Fluid Displacement in Porous Media 


GEORGE G. BINDER, JR. 


ABS TRACT 


An experimental investigation of 
miscible fluid displacement has been 
made in linear porous media under 
highly adverse mobility ratio condi- 
tions. Various refined oils were dis- 
placed at field rates by liquid pro- 
pane in both horizontal and vertical 
models 9 to 36 ft in length. 

In horizontal tests, mixed zones or 
transition zones form between the 
two liquids early in the displace- 
ments. Initially, the zones grow rap- 
idly. In 2-in. diameter models, the 
mixed regions become nearly stable 
zones from 6- to 20-ft long. From 
then on these quasi-stable zones ap- 
parently grow only by molecular dif- 
fusion. 

The lengths of the quasi-stable 
zones appear to be almost indepen- 
dent of the core material in which 
displacements are made and increase 
with increasing rates of injection 
and oil/solvent viscosity ratios. The 
lengths of the quasi-stable zones 
measured in 2-in. diameter models at 
viscosity ratios and injection rates 
anticipated in the field indicate that 
essentially piston-like displacements 
of oil by solvent would occur. How- 
ever, the mixed zone lengths increase 
markedly as the model diameter in- 
creases. 

In vertical displacements controlled 
by gravity drainage, only short tran- 
sition zones form. The entire lengths 
of these zones can be accounted for 
by molecular diffusion. Therefore, in 
reservoirs having characteristics al- 
lowing a high degree of gravity drain- 
age, nearly complete oil recovery 
should be attainable by miscible fluid 
displacement. 


OD U'C:T LON 
The oil industry is faced with an 
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ever increasing cost for finding new 
oil reservoirs. This, coupled with the 
fact that conventional methods of oil 
recovery usually leave from 1 to 3 
bbl of oil in the ground for every 
barrel produced, has aroused consid- 
erable interest in developing more 
efficient methods. An integral part of 
the mechanism of many of these new 
methods of recovery is a miscible 
fluid displacement in which oil is dis- 
placed by a much less viscous ma- 
teriai such as liquid propane. A num- 
ber of investigators have explored the 
mechanics of miscible fluid displace- 
ment,””**”* but in the experiments 
reported many of the important fac- 
tors have been varied only over a 
limited range far removed from nor- 
mal oilfield values. 

This paper presents the results of 
an experimental study of oil displace- 
ment by liquid propane at field rates 
from linear, natural-sandstone mod- 
els of various sizes. Both horizontal 
and vertical flow tests were made. 


1References given at end of paper. 


THE CARTER OIL CO. 


EXPERIMENTAL APPARATUS 
AND PROCEDURE 


Refined oils with viscosities vary- 
ing over a wide range were displaced 
at several rates by liquid propane 
from both horizontal and vertical 
flow systems. The behavior of the 
displacement was observed by pro- 
pane-oil analyses of the effluent and, 
when possible, by differential pres- 
sure measurements along the cores. 
A schematic flow diagram of the ap- 
paratus used to conduct the experi- 
ments is shown in Fig. 1. 


The cores used in the tests were 
9-ft lengths cut from natural consoli- 
dated sandstone and turned to the 
desired diameter. These were cast in 
steel tubing with a low melting point 
(160°F) alloy which expands on 
solidification. Flanges welded to the 
ends of the steel pipes permitted 
sealing the ends or butting one core 
to another. Pressure seals were main- 
tained with O-rings. 

The cores were cleaned by flushing 
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with acetone and pentane and drying 
with nitrogen. Connate water was es- 
tablished by saturating the cores with 
brine and flooding with Primol until 
brine production ceased. The viscous 
oil was replaced by the desired oil 
either by direct flushing or pentane 
extraction followed by drying and re- 
saturation. 

A positive displacement pump was 
used to inject liquid propane into the 
core at a constant rate. The rate was 
adjusted in each experiment to ob- 
tain the desired linear velocity in the 
core. A Grove back-pressure regu- 
lator on the core outlet kept the 
pressure within the sandstone in ex- 
cess of the propane vapor pressure. 
After the produced liquids passed 
through the back-pressure regulator 
and dropped to atmospheric pressure, 
the oil was collected and measured 
in a burette and the propane was 
metered as a gas. 

Accurate temperature control was 
necessary during those tests in which 

the leading edge of the propane front 

was followed by recording pressure 
drops across 1-ft increments of the 
model. Temperature variations were 
held within + 0.1°F. The pressure 
measurements were made with Bald- 
win absolute and Statham differen- 
tial strain gauges. 


HORIZONTAL FLOW TESTS 


THE QUASI-STABLE 
TRANSITION ZONE 


Constant rate oil displacements by 
liquid propane from horizontal, 2-in. 
diameter cores of various lengths re- 
vealed the following characteristics 
of an adverse mobility ratio, miscible 
fluid displacement. A zone of mixing 
forms between the oil and the pro- 
pane which is too large to be ac- 
counted for by longitudinal molecular 
diffusion. The center of the mixed 
zone seems to travel at the average 
flow velocity. The rate of growth of 
the mixed zone continually decreases 
until further growth is not detectable. 
The quasi-stable zone is, presumably, 
still increasing slowly due to molecu- 
lar diffusion. 

The stabilization of the mixed zone 
was directly observed in a liquid pro- 
pane displacement of a 180-cp re- 
fined oil from a 22-ft long, 2-in. di- 
ameter, Bartlesville sandstone core. 
The displacement was conducted at a 
constant flooding rate of 2 in./day. 
Pressures were recorded continuously 
at 1-ft intervals along the core, and 
the time at which the pressure drop 
across an increment began to decline 
signaled the first propane invasion of 
that increment. A typical sample of 
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the data obtained during the experi- 
ment is shown in Fig. 2. The pres- 
sure drop across an increment is 
plotted as a function of the calendar 
date. The time at which propane in- 
vasion of this particular 1-ft incre- 
ment of the core began is precisely 
defined. 


The location of the farthest pro- 
pane advance, as a function of time, 
can be combined with the volume in- 
jected at any time to give the curve 
shown in Fig. 3. In this figure, the 
propane penetration beyond its posi- 
tion in a piston-like displacement is 
shown. It will be seen that the pro- 
pane, after a high initial penetration 
rate, slows down and finally moves 
essentially at the injection rate. The 
horizontal portion of the curve rep- 
resents the part of the experiment 
in which piston-like displacement was 
achieved and the length of the mixed 
zone between the oil and the propane 
was quasi-stable. 

Fig. 4 shows the propane concen- 
tration in the effluent plotted as a 
function of the propane injected. The 
distance between the 100 per cent oil 
concentration and the 100 per cent 
propane concentration in the effluent 
is the length of the quasi-stable tran- 
sition zone. 

The pressure profiling technique 
for detecting the stabilization of the 
mixing zone could not be used in the 
low-viscosity oil experiments because 
the pressure gradients were too small. 
An alternate technique requiring mul- 
tiple experiments proved satisfactory. 
The zone was known to be nearly 
stable when the same length of tran- 
sition zone, as measured by effluent 
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analysis, resulted from similar ex- 
periments made in cores of different 
length. A typical set of data is shown 
in Fig. 5 where quasi-stable zones 
12.5 ft in length were observed in 
both 10- and 18-ft cores when 1.3- 
cp oil was displaced by liquid pro- 
pane at a rate of 8.5 in./day. 


THE EFFECT OF CoRE MATERIAL 


The effect of core material varia- 
tion on the length of the stable tran- 
sition zone was determined by dis-- 
placing Soltrol-C by propane at a 
rate of 2.0 + 0.1 in./day in Bandera, 
Bartlesville and Torpedo sandstones. 
These materials have permeabilities 
of 10, 50, and 1,500 md, respec- 
tively. The detailed properties of the 
core materials are given in Table 1, 
and the properties of the fluids used 
are given in Table 2. The Jengths of 
the quasi-stable transition zones 
measured in these three sandstones 
ranged from 6.5 to 7.0 ft. Thus, for 
the materials tested, this zone size is 
practically independent of the core 
material. 


~ THE EFFECT OF OIL VISCOSITY 


The effect of oil viscosity on the 
length of the quasi-stable transition 
zone was measured by displacing 
various oils from Bartlesville sand- 
stone cores at 2 in./day. Fig. 6 pre- 
sents the results of these tests and 
shows that the length of the transi- 
tion zone increases as the oil viscosity 
increases. 
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TABLE 1—SUMMARY OF CORE PROPERTIES 
Connate 

Dry Air Water 
Permeability Porosity (per cent 


Core Material (md) (per cent) PV 
Bandera Sandstone 10 15 33 
Bartlesville Sandstone 50 22 35 
Torpedo Sandstone 1,500 27 27 


TABLE 2—SUMMARY OF FLUID PROPERTIES 


Viscosity at Density at 
75° Fgm/ml 
Propane 0.1 497 
Soltrol 785 
Primol 160.0 .890 
Bright Stock 3,000.0 — 


was measured in Bandera sandstone 
cores by displacing Soltrol-C with 
propane at rates ranging from 2 to 
16 in./day. These rates cover the 
range ordinarily found in the field. 
The experimental results (Fig. 7) 
show that the zone length increases 
as the injection rate increases. 


THE EFFECT OF CORE DIAMETER 


The effect of core diameter on the 
zone length was investigated by dis- 
placing 180-cp oil by liquid propane 
at a rate of 2 in./day from a piece 
of Bartlesville sandstone (6 in. in 
diameter and 36 ft in length) and 
comparing the results with a previous 
test run under the same conditions 
in a 2-in. diameter model. The 6-in. 
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diameter core was formed by joining 
two 18-ft models with a short piece 
of 1/16-in. diameter tubing. The 
progress of the propane through the 
core was followed by measuring in- 
cremental pressure drops along the 
core. Unlike the experiment in the 
2-in. core in which the propane 
formed a nearly stable 20-ft transi- 


‘tion zone, the mixing zone in the 


6-in. core did not stabilize within 
the available core length. 

To see if gravity segregation was 
a major factor in the behavior of the 
6-in. diameter model, a test was made 
in which adding carbon tetrachloride 
to the propane reduced the density 
difference between the oil and solvent 
to 0.1 from 0.38 gm/ml. The results 
of these two tests were very similar 
and are plotted in Fig. 8 together 
with the results of the comparable 
test in the 2-in. diameter core. 


In spite of the complications in- 
troduced in these tests by joining 
cores with-small diameter flow lines 
and adding carbon tetrachloride to 
the propane, several facts are ob- 
vious. These are as follows: (1) un- 
der test. conditions, increasing the 
core diameter from 2 to 6 in. caused 
a drastic increase in the length of 
the mixed zone, and (2) there is 
some indication that gravity segre- 
gation was not a significant factor in 
this increase. 


It is believed that variations in 
permeability are a prime factor in 
this apparent effect of diameter on 
miscible fluid displacement. Even 
small permeability variations would 
initiate fingering and channeling of 
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the less viscous propane. Due to the 
highly adverse mobility ratio, once 
oil is by-passed by solvent there is 
very little pressure gradient to cause 
it to flow. The primary mechanism 
of recovery of the by-passed oil is 
probably molecular diffusion. Thus, 
the poorer performance in the large 
diameter model indicates that the dis- 
tance across which diffusion must oc- 
cur probably increases as the model 
diameter increases. 


VERTICAL FLOW TESTS 


If oil is being displaced vertically 
downward by solvent and fingering 
exists at the front, the vertical pres- 
sure gradient in the solvent finger 
can be expected to be equal to the 
vertical pressure gradient in the oil 
immediately surrounding the finger. 
This pressure gradient equality is ex- 
pressed by 


_ 
1,033 k, 1,033 


(1) 
where p,, (p,) is oil (solvent) dens- 
ity, gm/ml; V,, (V.) is oil (solvent) 
flow velocity within the porous me- 
dium, cm/sec; f is porosity; 
is Oil (solvent) viscosity, cp; and k,, 
(k,) is permeability of oil (solvent) 
containing portion of rock, darcies. 

The first term on each side of Eq. 
1 expresses the contribution of the 
fluid density to the pressure gradient 
in units of atm/cm. The second term 
is the pressure gradient consumed by 
flow as given by the Darcy equation. 
Solving Eq. 1 for V, gives 
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Substituting V,=V,=V and 


re- 
arranging gives, 
(3) 


Solving Eq. 3 for V gives the maxi- 
mum flow velocity for stable dis- 
placement. At higher flow velocities, 
fingers will form and grow. At lower 
velocities, fingers previously formed 
at higher velocities will shrink and 
disappear. This equation is similar 
to one developed by Hill". 


Five tests were made in which pro- 
pane displaced oil vertically down- 
ward through 2-in. diameter, 9-ft 
Torpedo sandstone cores. The viscos- 
ity of the displaced oil and the in- 
jection rate were varied. The results 
of the tests are given in Table 3. 
The mixed zone lengths as deter- 
mined by effluent analysis are listed 
in Column 4 and show two distinct 

- differences between the Soltrol-C and 
25-cp oil tests. First, at correspond- 
ing rates the mixed zone lengths for 
the more viscous oil displacements 
are longer than those for the less 
viscous tests. Second, the zone length 
in the less viscous oil displacement 
decreases with increasing velocity 
while the length in the more viscous 
oil displacement increases with in- 
creasing velocity. The explanation for 
this apparently contradictory be- 
havior is evident from the compari- 
son of information listed in Columns 
6 and 7, which shows that longitu- 
dinal molecular diffusion alone can 
account for the mixed zone lengths 
in the less viscous oil tests but not 
in the more viscous tests. The diffu- 
sional penetration of propane was cal- 
culated by standard techniques for a 
propane concentration of 0.1 volume 
per cent. Previously measured values 
for the effective diffusivity in Tor- 
pedo sandstone of propane into Sol- 
trol-C and 25-cp oil were 0.8 and 
0.08 cm’*/day, respectively. The rates 
in the less viscous tests were well be- 
low the rate at which fingering would 
be expected according to Eq. 3. If 
any portion of the Torpedo sand- 
stone had a permeability lower than 
940 md, fingering would be expected 
according to Eq. 3 even at 2 in./day, 
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the lowest rate used in the more vis- 
cous oil tests. It is believed that the 
Torpedo sandstone used in these tests 
was sufficiently heterogeneous to ful- 
fill this condition. 

The analysis of the effluent from 
the vertical cores for the five experi- 
ments is shown in Fig. 9. The pro- 
pane concentration in the outflowing 
stream is shown as a function of the 
piston position of ideal displacement. 
The figure shows that lengthening of 
the mixed zone in the more viscous 


displacements takes place principally . 


in the oil-rich region. 


CONCLUSIONS 


The experiments made with the 
test cores in a horizontal position 
showed that, of all parameters in- 
vestigated, variations in core di- 
ameter had the greatest effect on the 
length of the mixed zone between oil 
and solvent. From this work, the fol- 
lowing conclusions may be drawn. 


TABLE 3—VERTICAL FLOW TEST RESULTS 
(Torpedo Sandstone) 


Propane Penetration at 


Mixed Elapsed Time 
Injection Zone Until Breakthrough (ft) 

Rate Length Breakthrough Calculated for 

Run Oil (in. /day) (ft) (days) Experimental Diffusion Alone 
Soltrol-C 1.45 47.4 0.7 0.8 
2  Soltrol-C 10 0.82 10.3 0.4 0.4 
3 25-cp oil 2 2.10 43.1 evi 0.3 
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1. Under test conditions, increas- 
ing core diameter from 2 to 6 in. 
caused a drastic increase in the length 
of the mixed zone. 

2. Test results obtained on small 
laboratory models cannot be ex- 
tended directly to the field. 

From the experiments made with 
the test cores in a vertical position, 
the following conclusion is made. 
Those reservoirs which have proper- 
ties allowing a high degree of grav- 
ity drainage can be exploited effi- 
ciently by a miscible-type process. 
Furthermore, these tests have indi- 
cated that Eq. 3 is probably valid 
for indicating when these conditions 
exist. 
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Effect of Flow Rate on Paraffin Accumulation in 
Plastic, Steel, and Coated Pipe 


EN ERODUCTION 


The accumulation of paraffin 
deposits in tubular goods has been 
recognized as a major production 
problem since the inception of the pe- 
troleum industry. This problem is not 
limited to any particular geograph- 
ical area nor is it limited to a specific 
type of crude oil.’ Generally speak- 
ing, “paraffin” deposition pertains to 
the deposition of any predominately 
organic material in flow lines, and 
possibly even at the sand face, which 
would hamper the production of oil. 
In some fields, a continuous effort is 
required to remove deposits of paraf- 
fin and in order to accomplish this, 
many unique methods have been de- 
vised. The best solution to this prob- 
lem, however, is to prevent the for- 
mation of such deposits. One method 
which has been tried in a number of 
fields is the use of plastic pipe. 


The purpose of this investigation is 
tu compare the relative effectiveness 
of several plastic materials to aid in 
the reduction or prevention of paraf- 
fin accumulations in surface flow 
lines. 


COMPOSITION OF PARAFFIN 
DEPOSITS 


By definition, paraffin deposits are 
those materials which are insoluble 
in crude oil at the prevailing pro- 
ducing conditions of temperature and 
pressure. Such deposits”* usually con- 
sist of small particles of petroleum 
wax intermixed with resins, asphaltic 
material, and crude oil. They may 
also contain a variety of foreign 
materials such as sand, silt, water, 
various metal oxides, sulfates and 


Original manuscript received in Society 
of Petroleum Engineers office Aug. 20, 1957. 
Revised manuscript received March 11, 1958. 

*Presently associated with The Shell Oil 
Co., New Orleans, La. 

1References given at end of paper. 
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carbonates of iron, barium, and 
calcium. 

The petroleum waxes deposited in 
flow strings usually consist of both 
a “hard” and a “soft” wax fraction. 
These waxes are largely aliphatic 
hydrocarbons with smaller amounts 
of aromatic and naphthenic com- 
pounds. Nathan‘ has classified the 
hard and soft wax fractions. The 
aliphatic hydrocarbons present are 
those of high molecular weight with 
high melting points. Reistle’ pointed 
out that these high molecular weight 
compounds first separate from the 
oil due to a sharp decrease in solu- 
bility as the melting point increases. 

The identification of the resins and 
asphaltic materials rests, at present, 
on an arbitrary solubility procedure. 
Under certain conditions, materials 
which are insoluble in pentane 
(ASTM D-893) are defined as resins 
and asphalts. Subgrouping of these 
materials is made on decreasing solu- 
bility in benzene and carbon disul- 
fide.” 

Shock’ found some correlation be- 
tween the solvent response and the 
pentane insoluble content of paraf- 
fins; higher pentane insoluble frac- 
tions are less soluble in any of the 
commonly used commercial solvents. 


PARAFFIN CONTROL 
METHODS 


The methods used in oil fields to 
prevent and remove paraffin accumu- 
lations can be grouped into four gen- 
eral classes: (1) operative methods, 
(2) physical methods, (3) chemical 
methods, and (4) combination of 
any of these. Operative methods at- 
tempt to prevent the formation of 
paraffin deposits while the other 
methods are concerned primarily with 
the removal of these deposits. 

Plastic coated pipe has been used 
for a number of years to prevent cor- 


rosion in wells, and in many in- 
stances paraffin deposits have been 
greatly reduced. Field observations 
have indicated that plastic coated 
pipe not only reduced paraffin ac- 
cumulation but in some cases elim- 
inated deposition completely; how- 
ever, data are needed to demonstrate 
the relative effectiveness of plastic 
materials. 


DEPOSITION APPARATUS 


The pipe used to determine the 
effect of velocity on rates of deposi- 
tion was %4- and 2-in. nominal di- 
ameter, and 5 ft in length. Steel, 
butyrate, rigid PVC, kralastic resin- 
type plastic pipes, epoxy coated pipe, 
PVC lined glass fiber pipe, and alum- 
inum pipe were tested. Steel pipe 
was used as a control. 

Fig. 1 is a schematic diagram of 
the apparatus showing the relative 
position of the separate units making 
up the equipment. 

In order to facilitate the installa- 
tion and removal of the test pipes in 
the apparatus, O-ring seals capable of 
sustaining pressures of SO psi were 
provided at each end. 


Test pipes were submerged in a 
cold water bath maintained at or 
below room temperature by circulat- 
ing water through copper cooling 
coils packed in ice. A hot water bath 
equipped with immersion-type heat- 
ers, stirrers, and a thermoregulator 
was used to maintain the temperature 
of the oil prior to introduction into 
the piping manifold. The capacity of 
the oil reservoir was 30 gal. 

A 33-gal/min centrifugal pump, 
capable of producing turbulent flow 
velocities in the test pipes, was used 
to circulate the oil through the sys- 
tem when using %4-in. pipe; and a 
70-gal/min centrifugal pump was 
used in later tests using 2-in. pipe. 
A by-pass arrangement made it pos- 
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sible to obtain variations in flow 
rates through the piping system and 
‘also provided a means for stirring 
the oil in the oil reservoir, thus as- 
suring uniform temperature of the 
~ oil and complete solution of the 
paraffin. 

Pressure differentials across the 
test sections were measured by means 
of a manometer and a meter was 
used to check the total flow. Fig. 2 
shows the arrangement of the piping. 


CONTACT ANGLE APPARATUS 


Conact angle measurements were 
made using Stegemeier’s procedure.° 


CLouD POINT 


The cloud point of the crude oils 
was determined using the method 
described by Howell and Jessen.’ 


DETERMINATION OF RATES OF 
PARAFFIN DEPOSITION 


As shown in Fig. 1, flow rates 
were controlled by Valves B and C. 
During low rates of flow, part of the 
fluid circulated by the pump was by- 
passed through Valve B into the oil 
reservoir. Proper manipulation of 
Valves B and C made it possible to 
adjust the flow to any described rate 
into the upstream header and through 
the individual test sections~of pipe. 
Prior to each run, Valve A was 
closed and Valve B opened in order 
to circulate the oil and thus dislodge 
and dissolve from the bottom of the 
storage reservoir any paraffin that 
may have settled between runs. 

Velocity of flow in the test pipe 
sections was determined by measur- 
ing the pressure differential across 
each pipe with a manometer. 

The difference between the inlet 
and outlet oil temperatures was only 
1 to 2° F. This difference in tempera- 
ture was constant throughout each 
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experimental run. Undoubtedly the 
temperature drop at the inner wall 
of the pipes was much greater. 


At the completion of a run, which 
normally required a period of about 
three hours, the test pipes were re- 
moved from the apparatus and the 
deposited paraffin (which was rather 
uniform throughout the section) was 
cleaned from the pipes by pushing a 
tight fitting rubber “squeegee” 
through the pipes several times. Nor- 
mal pentane was used to transfer the 
paraffin from beakers into standard 
ASTM 100-ml centrifuge tubes. An 
excess of pentane was then added to 
bring the total volume to 100 ml. The 
mixture was shaken and centrifuged 
at 1,500 rpm for 20 minutes. The 
solid separated was recorded as the 
paraffin deposited. 


Before the test pipes were rein- 
stalled for the next run, they were 
thoroughly cleaned inside and out 
by wiping several times with a kero- 
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sene-saturated rag and then dried 
with a clean, dry cloth. 


DISCUSSION OF RESULTS 


Rates of deposition were obtained 
by using Kerosene and two refined 
microcrystalline waxes (Figs. 3 and 
4) in order to determine the effects 
of the melting point upon the rate 
of deposition. Greatest deposition at 
any velocity for the two systems took 
place in the solution containing the 
paraffin with the lowest melting point. 
At first, this appears contrary to what 
might be expected since the greatest 
deposition more likely should take 
place in the solution containing the 
highest melting point paraffin; that is, 
the least soluble. 

Although both solutions were pre- 
pared so as to have the same cloud 
point of 120° F, there was a marked 
difference in the concentration of 
paraffin due to the solubilities in 
kerosene. A kerosene solution satu- 
rated with wax having a melting point 
of 200° F contained 0.57 gm/100 ml 


_at 120°F, while a solution saturated 


with wax having a melting point of 
186° F contained 2.01 gm/100 ml 
at the same temperature. Upon cool- 
ing to 110° F, the temperature at 
which these runs were made, the solu- 
bilities decreased to 0.23 and 0.84 
gm/100 ml, respectively, for the 200 
and 186° F melting point waxes. The 
change of solubility from 120 to 
110° F results, therefore, in 0.34 
gm/100 ml free wax in suspension 
in the solution containing the 200° F 
melting point wax compared to 1.17 
gm/100 ml for the 186° F melting 
point wax solution. Therefore, the 
difference in the rates of deposition 
for these two solutions may be at- 
tributed to the concentration of free 
wax in suspension at the temperature 
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of the runs, Predictions concerning 
possible paraffin accumulation in oil- 
field tubular goods must be based 
upon a thorough knowledge of the 
concentration and melting point of 
the paraffin in solution in the crude 
oil. 

Rate of paraffin deposition vs flow 
rate was determined for crude oils 
from several fields* known to deposit 
paraffin. Analyses of the different oils 
are given in Table 1. 


The rate of paraffin deposition at 
all velocities and temperatures was 
greatest in steel pipe but considerable 
paraffin deposition was also found in 
butyrate pipe. The least amount of 
paraffin accumulation was noted in 
the rigid PVC and kralastic plastic 
pipes. All plastic pipe tested showed 
less tendency for accumulation of 
paraffin than did steel or aluminum 
pipe. 

In experiments using 2-in. pipe 
size, the 3-M plastic lined fiber glass 
pipe showed consistently lower 
quantities of deposit than did the 
other resin-coated pipe or plastic 
pipe. Again, more deposition oc- 
curred in the steel and aluminum 
pipe, although the wide variation 
apparent when using %4-in. pipe was 
not noted. 

A gradual increase in-the rate of 
paraffin deposition was obtained with 
increased velocity, the maximum rate 
being reached when the flow changed 
from viscous to turbulent flow. At 
higher velocities the rate of deposi- 


*Big Foot field, Frio County, Tex.; Delhi 
field, Franklin Parish, La.; Howard Glass- 
cock field, Howard County, Tex.; Prentice 
field, Yoakum County, Tex.; and the Camp 
N. W. pool, Okla. 
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velocity, FT PER SEC 


Fic. 4—Errect oF VELOcITy ON RATE OF 

Deposition FoR 186° F MP Wax In 

KeroseNE At 110° F. Croup Point or 
SoLution ts 120° F. 


tion decreased rapidly. Results of 
flow tests on Big Foot crude oil, Fig. 
5, illustrate the typical shape of the 
curves obtained. 


At Reynolds numbers greater than 
4,000, the plastic pipe surfaces were 
free of any paraffin accumulation; 
however, since some oil remained on 
the inside of the pipes after draining, 
the paraffin was determined analyti- 
cally in the manner previously de- 
scribed.~ 

Figs. 6 and 7 show paraffin deposi- 
tion-velocity curves for crude oil 
from well No, DU-24-1, located on 
the eastern end of the Delhi field, 
which was reported experiencing con- 
siderable difficulty from paraffin 
deposits. Figs. 8 and 9 represent data 
on crude oil taken from well No. 
DU-184-1, located in the western 
portion of the field. These wells are 
equipped with Tube-Kote tubing in 
order to reduce paraffin accumulation 
which occurs at low withdrawal 
rates... At rates above 200 BOPD 
rapid deposition of paraffin in the 
tubing is prevented. A rate of 200 
BOPD through 2-in. tubing corre- 
sponds to a Reynolds number of 2,042 
which is the approximate velocity 
at which turbulent flow begins. Max- 
imum rate of deposition was obtained 
in the laboratory at a velocity corre- 
sponding to a Reynolds number of 
846. A Reynolds number of 2,042 
determined from the field data (200 
BOPD through 2-in. tubing) corre- 
sponds to a linear velocity of 1.45 
ft/sec in the laboratory apparatus. At 
this linear velocity, paraffin deposi- 
tion in the 34-in. plastic pipe was 
substantially reduced. 

The tendency for the rate of paraf- 


TABLE 1 — ANALYSIS OF CRUDE OILS 
Camp NW Howard Delhi Delhi Big 
Pool Glasscock DU-184-1 DU-24-1 Foot Prentice 

Gravity, °API| (60°F) ... 29.9 40 39 38 30.5 
Viscosity, cp (100°F) 10.2 Sea 4.3 4.0 E16 
Cloud Point, °F 97 105 119 113 97 
Paraffin Wax, per cent... 2.11 3.39 4.35 4.32 3.79 Deal 
Pentane Insolubles, per cent. 3.73 1.18 1.37 1.19 0.552 3.41 — 
Benzene Insolubles, per cent. 0.157 1.128 0.00 0.00 0.0018 0.115 
Melting Point of Paraffin 

125 121 122 128 120 133 
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fin deposition to increase with veloc- 
ity to velocities approximately equal 
to the transition velocity (Reynolds 
number 1,980) is clearly shown in 
Fig. 10 on the curve for the rate of 
paraffin deposition in the steel pipe. 
Not much difference was noted in 
the relative effectiveness in any of 
the plastic pipes for reducing depo- 
sition. 

High viscous drag was obtained at 
relatively low flow rates in the more 
viscous fluids. This may account for 
the fact that no deposition was ob- 
tained from the Oklahoma crude oil 


‘which had a viscosity of 29.5 cp com- 


pared to an average of 4 cp for the 
other crude oils examined. Even 
though a velocity of 5.1 ft/sec, corre- 
sponding to a Reynolds number of 
678, was reached, no measurable 
deposition was obtained from this 
crude oil when flowing through % -in. 
pipe. Use of 2-in pipe enabled test 
observations over a range of Rey- 
nolds numbers up to 1,500. In every 
instance, paraffin deposition was sub- 
stantially lower than with other crude 
oils used in the flow experiments 
through 2-in. pipe. Whether this 
smaller amount of accumulation was 
occasioned solely by the viscous drag 
is questionable since this particular 
crude oil had a much higher asphaltic 
content. 


Two possible mechanisms for 
paraffin deposition may be consid- 
ered. First, deposition of paraffin 
from the crude oil at the pipe walls; 
that is, growth of the paraffin par- 
ticles in place at pipe surfaces, and 
second, paraffin crystals may occur 
or be present in the oil and these 
may subsequently be deposited. The 
first mechanism for paraffin deposi- 
tion seems to be the controlling factor 
since the greatest deposition was ob- 
tained from the crude oils when 
maintained at temperatures above or 
near the cloud point prior to cooling 
in the piping system. For example, 


_the temperature of the oil in Fig. 8 
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was 1°F higher than the cloud 
point, while in Fig. 9 the temperature 
of the oil was 15° F below the cloud 
point before introduction into the 
test pipes. In the first instance deposi- 
tion could be possible only by growth 
of the paraffin particles at pipe walls, 
while in the latter case deposition 
would be possible by both mechan- 
isms. There was not much difference 
in rates of paraffin deposition within 
the steel pipe at these temperatures; 
however, approximately three times 
as much paraffin was deposited in the 


plastic pipes at low velocities when ° 


the temperature of the oil was main- 
tained slightly above the cloud point 
as when the oil temperature was con- 
trolled at 15°F below the cloud 
point even though the final oil tem- 
perature was 16° F lower. 

There is, of course, another factor 
which may explain this difference in 
the quantity of paraffin deposited, 
namely, the lower heat conductivity 
of the plastic pipe. That is, when 
operating with oil temperatures above 
the cloud point, initial solid phase 
occurrence is postulated to take place 
directly on the wall of the pipe and, 
therefore, it is reasonable to expect 
that deposition should be much 
greater on steel than on plastic. On 
the other hand, when operating at ini- 
tial oil temperatures below the cloud 
point, a solid phase is presumed pres- 
ent and deposition would not be 
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dependent solely on the cooling at the 
inner walls of the pipe, but may be 
controlled by the adhering tendency 
of the solid on the exposed surface. 

Occurrence of a gradual build-up 
in the deposition rate may be ex- 
plained on the basis of mass transfer 
of the paraffin particles. Less paraffin 
is carried past a given point on the 
pipe wall in a specified interval of 
time during low rates of flow. As the 
flow is increased, more and more 
paraffin is carried by the moving oil 
stream providing a greater opportun- 
ity for deposition upon the surface 
of the pipe. However, the viscous 
drag exerted by the stream tends to 


remove the accumulation and, at high - 


velocities, becomes equal to or may 
exceed the shear stresses within the 
deposited paraffin and literally tear 
the paraffin deposit apart. Paraffin 
deposited at high rates of flow was 
observed to be considerably harder 
than paraffin deposited at lower rates 
of flow. The increase in both viscous 
drag and shearing stresses in the 
paraffin deposits at high rates of flow 
possibly accounts for the gradual de- 
crease in deposition rate at higher 
velocities rather than a sudden and 
complete elimination of paraffin depo- 
sition as would be expected if the 
shearing stress of the paraffin re- 
mained constant and was suddenly 
exceeded by the viscous’ drag of the 
flow stream. 

The maximum rate of deposition 
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with the steel pipe took place at 
somewhat higher velocities than for 
plastic pipes. To explain this appar- 
ent irregularity, it is necessary to 
consider the role of thermal conduc- 
tivity of the pipe materials and the 
effects of temperature upon the ad- 
herence of the paraffin deposited. 


The loss of temperature of the 
crude oil is the major factor involved 
in the formation of paraffin deposits. 
The hardness of the paraffin deposit 
is also directly related tc the tempera- 
ture of the deposit. Paraffin deposits 
are more crystalline at lower tem- 
peratures and, therefore, are more 
tightly held together. Steel, having 
the greatest thermal conductivity of 
any of the materials tested, permitted 
the greatest loss of heat trom the oil 
and, as a result, a lower temperature 
at the inner pipe wall. The attain- 
ment of higher velocities in the steel 
pipe before the the maximum rate of 
deposition was reached may further 
be explained by the variation in phys- 
ical characteristics of the paraffin 
deposit formed. 

The relative wettability of the buty- 
rate, kralastic, and rigid PVC plastic 
materials as reflected by the contact 
angle measurements on the plastic 
materials of saturated solutions of 
different melting point paraffins in 
kerosene is shown in Fig. 14. The 
contact angle increased slightly with 
the melting point of the paraffin wax 
in solution, indicating that crude oils 


&3 


d | | | | | 
: | | | | | 
: | | | 
| | | 
> 
| 
\ | | | 
\ | | | 
° O | | 
| 3-M | e | | 


O— Steel 
@—@ Epoxy Resin 
3-M 
O— Aluminum 
Pve (HI) 
A—A PVC 


Paraffin Deposited, Mi Per 3 Hours 
© 


Velocity, Ft. Per Sec. 


Fic. 12—Errect oF VELOCITY ON 


Size) or Oxtanoma Crupe O11, Denny No. 2, at 85° F ann WATER 


8 
Reynolds Number |O 


Rate oF Deposition (2-1n. PIPE 


a 


TEMPERATURE OF 65° F. 


/ 


> 


Paraffin Deposited, MI. per 3 Hours 
uo 
> 


O— Steel 
O—@ Epoxy Resin 
@—3-M 


Aluminum 
&—~ PVC (HI) 
4—a PVC (LI) 


2 3 
| |. Velocity, ft/sec 


4 5 


le} 2500 5000 


750 
Reynolds Number 


10,000 12,500 


Fic. 13—Errect oF VeLociry on Rate oF Deposition oF PRENTICE 
Crupe Ort at 87° F anp WATER TEMPERATURE OF 67° F. 


containing high melting point paraf- 
fin waxes would tend to wet these 
materials to a lesser degree than 
crude oils containing lower melting 
point paraffins. 

Table 2 shows the relative wetta- 
bility of various plastic materials by 
the crude oils used in this investiga- 
tion. The contact angles of these 
crude oils agreed fairly well with 
those found when using a saturated 
solution of kerosene and 122° F melt- 
ing point paraffin wax. The variation 
in contact angle on any one plastic 
material was small except for the 
Camp N. W. pool and the Howard 
Glasscock field crudes. This may be 
due to differences in composition 
since the latter crudes contained 


greater amounts of asphaltic con- 
stituents. 


COON EU'S 


1. Rate of paraffin deposition in 
steel pipe varies with flow rate, reach- 
ing a maximum just prior to change 
from viscous to turbulent flow and 
decreasing with increased turbulence. 

2. Deposition of paraffin on vari- 
ous kinds of plastic pipe shows the 
same general pattern with regard: to 
flow rate. The amount of accumula- 
tion noted, however, was appreciably 
less in every instance. 

~3. When cooling of the oil from 
temperatures above the cloud point 
takes place at the pipe wall, an in- 


TABLE 2 — CONTACT ANGLES OF CRUDE OILS ON PLASTIC MATERIALS 


Fluid PVC Kralastic Butyrate 3-M Epoxy Resin 
Delhi DU-24-1 17 Spreads Spreads Spreads Spreads 
Delhi DU-184-1 ase CA Spreads Spreads Spreads Spreads 
Camp NW Pool........ a 20) 12 10 Spreads Spreads 
Howard Glasscock __.. Sens 9 2-3 Spreads Spreads 
Big shoot Spreads Spreads Spreads Spreads 
74 70 52 68 53 
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creased deposit of paraffin results, as 
compared with that obtained when 
the oil has been cooled below the 
cloud point prior to circulation 
through the pipe. 

4. The rate of accumulation of 
paraffin on plastic pipe seems re- 
lated to the degree of wettability by 
the crude oil. 

5. Although plastic pipe may not 
entirely eliminate paraffin deposits, 
the rate of deposition on plastic pipe 
or plastic lined pipe is substantially 
lower than on steel or aluminum pipe. 
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The Effect of Partial Penetration on Pressure 
Build-Up in Oil Wells 


ROBERT G. NISLE 


APB S T 


The classic theory of pressure build-up in shut-in 
oil wells as developed by Horner and van Everdingen 
is based on two-dimensional radial symmetry in the well- 
reservoir system. Such symmetry does not exist in the 
case of a well which partially penetrates the producing 
formation. As a result of this lack of symmetry the use 
of the classic theory in such cases become questionable. 

In this paper the mathematical theory has been ex- 
tended to include the case of partially penetrating wells. 
Numerical solutions illustrating the application of the 
equations are presented. The effect of partial penetra- 
tion on pressure build-up is shown by a comparison of 
synthetic pressure build-up curves derived from the nu- 
merical solution of the equation for partially penetrating 
wells for various degrees of penetration. It is shown that 
partial penetration is detectable from the characteristic 
shape of the pressure build-up curve and that formation 
productivity may be calculated from the pressure build- 
up data in a manner identical to that described by the 
classic theory. 


RO.) 


The use of pressure build-up data on shut-in oil wells 
is a well-established technique for the measurement of 
reservoir productivity. The work of Horner’ and van 
Everdingen’ is well known. Since the publication of 
their pioneering work, others”* have elaborated and ex- 
tended the technique. These authors have dealt exclu- 
sively with the case of wells that completely penetrate 
the producing formation. Two-dimensional radial sym- 
metry is achieved, thereby, and the problem is greatly 
simplified. 

This ideal situation is seldom encountered in prac- 
tice. But, in spite of this, the technique is often em- 
ployed anyway. The question, therefore, arises: how 
much confidence can be placed in the results of such 
calculations when the data are taken on wells that only 
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partially penetrate the producing formation? It is the 
purpose of this work to answer this question. Only the 
single-phase fluid case will be considered. 

van Everdingen* has presented a rigorous solution 
of the two-dimensional case, but because of mathe- 
matical complexity, this solution has not proved to be 
particularly useful. Horner’ utilized Kelvin’s point source 
solution in two dimensions and showed that it is a suf- 
ficiently good approximation for oil reservoir studies. 

The geometry of the well and the producing forma- 
tion is illustrated in Fig. 1. Geometrically the formation 
may be described as an infinite slab. The infinite slab is 
defined as the solid (the porous medium in this case) 
bounded by two parallel planes. Thus, the slab extends 
to very great distances in both the positive and negative 
directions of two of the coordinate axes, but is finite in 


L = FORMATION THICKNESS 
h = DEPTH OF WELL PENETRATION 
Fic. 1 —A PartiaLLy PENETRATING WELL IN A 
ResERvoIR INFINITE IN EXTENT IN THE Horizon- 
TAL PLANE BUT Havine A FINITE THICKNESS. 
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voth the positive and negative directions along the third 
coordinate axis. 

The partially penetrating well problem has been 
studied by Muskat' for steady-state conditions. He cal- 
culated steady-state pressure distributions and steady- 
state productive capacity in barrels per day. These re- 
sults give no indication of the influence of partial pene- 
tration on the pressure build-up curve which is a tran- 
sient effect. Another approach is, therefore, required. 
The point source concept, as previously indicated, is 
sufficiently accurate, and therefore, provides an alterna- 
tive approach. 


MATHEMATICAL DERIVATION 


The mathematical derivation of the equation for a 
partially penetrating well in an infinite slab will begin 
with Fourier’s equation in three dimensions. This equa- 
tion in turn is derivable from the continuity equation, 
the equation of state, and Darcy’s equation. This deriva- 
‘tion is readily available.’ 


SOLUTION OF THE BASIC DIFFERENTIAL EQUATION 
The basic differential equation’ is 
10 


where ; 
The solution of Eq. 1 in the Kelvin’ instantaneous 
point source form is given by Carslaw and Jaeger’. It is 


- 72 


From this equation, all other solutions are obtainable by 
summation. 
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CONTINUOUS INFINITE LINE SOURCE 


This case is solved by finding the solution for the 
instantaneous infinite line source first. Integration of 
the latter solution over the interval 0 to T yields the re- 
quired continuous infinite line source solution. The first 
integration is carried out over the space variable. 

Suppose the line to be parallel to the z-axis, pass- 
ing through the point (x’, y’). Then, if 7° = (x — x’)’ 
it follows: from Eq. 3: that 


1 oa) 
D ( ) 


The integral in Eq. 4, together with the normalizing 


factor a is the error function and is equal to one. 

Hence, 


4fc(aKt) exp 4Kt 


Ap(line) = 
(5) 


Eq. 5 is the solution for the instantaneous infinite 
line source. 

Let the liquid withdrawal rate be g. Then the total 
withdrawal, Q, in the time interval, dt, is 

Let r = (x — x’)* + (y— y’)’, and substitute Eq. 6 
in Eq. 5. Then, the solution for the continuous infinite 
line source is, 


Ap(line) = 


(7) 
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In order to integrate Eq. 7 make the coordinate trans- 
formation 


2 


r 
Then Eq. 7 may be written, 
Ap(line) = —4 
47rKfe| Vv 
4KT 


The integral in Eq. 8 is by definition the exponen- 
tial integral (Ei). gq in Eq. 8 is the withdrawal rate per 
unit length of the infinite line source, hence gh = — q, 
if —q, = total withdrawal over a portion, h, of the 
infinite line source. If the pressure in the medium is 
other than zero, Eq. 8 may be written, 


where Eq. 2 has been substituted for 1/K. This is the 
form of the solution used by Horner, 


INSTANTANEOUS LINE SOURCE OF LENGTH, h, IN A 
SEMI-INFINITE MEDIUM 

The development is based on Eq. 3. The geometry is 
shown in Fig. 2. The positive z direction is taken as 
shown and the boundary condition to be satisfied is 
= 0 in the bounding plane, taken to be the x-y 
plane. The introduction of the positive image (+@Q) of 
length h and located as shown in Fig. 2 accomplishes 
this result. The solution of this case is obtained by inte- 
grating along this line source from — h to + h, thus, 


Ap(h) = exp 4Kt 
+h 2 
Introduce the coordinate transformation, 
V4Kt 
then 
Q exp 4Kt i 
z-h 
V4Kt 
4 
{\ 
IMAGE 
| ( 
/ 
fi 
| GEES 


+h 
+2 
/source-* 
THE BODY 13 INFINITE IN THE 
X-Y PLANE AND EXTENDS 
TO INFINITY INTHE +2 


DIRECTION FROM THE 
X-Y PLANE, 


+Z 
Fic. 2—-Line Source Semt-InFIniTE MEbIUM. 
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5 This integral involves error functions and the solu- 
tion may, therefore, be expressed formally, thus, 


Q zth z—h 
Ap(h) 4Kt 1 
(12) 


Values of the error functions in the parentheses may 
be obtained from published tables’. In Pierce’s tabula- 
tion the error function has been normalized over the 
interval 0 to oo. Hence, the factor, 4, has been intro- 
duced into Eq. 12 in order to permit the use of pub- 
lished tabulations. 


PARTIALLY PENETRATING SOURCE 
IN AN INFINITE SLAB 


This case is treated by a straight forward extension 


of the previous development. The geometry is shown — 


in Fig. 3. The boundry conditions are 
dp 
dz 
In order to satisfy conditions (Eq. 13) an infinite set 
of images is required as indicated in Fig. 3. Each of 
these images may be represented by an integral of the 
type used in Eq. 10, Each of these integrals may be 
transformed as in Eq. 11 and the results expressed as 
in Eq. 12. The solution of the partially penetrating case 
“may therefore be written directly from the results of 
the previous case. 


+h 
Q exp (ert 2 


= Oat 0 and.z°= C13) 


r 
V4Kt \/4Kt 
V4Kt V4Kt 
(14) 
V4Kt /4Kt 


Eq. 14 is the solution of the case of an instantaneous 
source of length, 4, in an infinite slab of thickness, L. 
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Fic. 3—PartiaAL PENETRATON IN AN INFINITE SLAB. 
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It will be noted that when h = L, the integration ex- 
tends from — o to + o. This case reduces in the limit 
to Eq. 4. Furthermore, this situation assures the con- 
vergence of the summation in Eq. 14. The error func- 
tion is known to converge for the limits — co and + o. 
The summation must converge, therefore, because the 
summation involves only a non-overlapping sequence of 
finite limits lying within the range — co to + o. 


PARTIALLY PENETRATING CONTINUOUS 
LINE SOURCE 


This case is solved as in the previous cases by inte- 
gration from time equal zero to time equal T. Here_ 
again the solution may be written directly from the pre- 
vious results. For convenience certain substitutions are 

cuf 


made as follows. b = h/L, d = z/L, me a B = for- 


mation volume factor, and q, = surface volume pro- 
duction rate. 


= exp  4k(T — t)! erf 


4k(T —1) 
(2nd) cuf(2n -- b + d)*L*\3 
4k(T — 1) 4kK(T — 0) 
cuf(2n — b + dt 
ent ( 4k(T — 1) ) (15) 


Eq. 15 is the formal representation of the integra- 
tion which must be performed in order to obtain the 
pressure drop due to a continuous source of length, /, 
in an infinite slab of thickness, L. It is apparent that 
the analytical solution of Eq. 15 presents certain diffi- 
culties. In order to examine the effect of partial pene- 
tration on pressure build-up curves, therefore, numer- 
ical methods will be necessary. The numerical solu- 
tion of Eq. 15 is treated in the following section. — 


NUMERICAL CALCULATIONS 


It is not apparent from an examination of Eq. 15 
how partial penetration affects a pressure build-up curve. 
In order to investigate this question, numerical calcu- 
lations must be employed over a suitable range of values 
of the parameters. The range used is more conveniently 
expressed if some of the terms in Eq. 15 are regrouped. 


Let 
y= cuf m(n) = 2n —b—ad 
4k m(n) = 2n+b+d 
and : 
Yun, (ir) Yin;(n) 
(er VT VT 


n=i1 
IMAGE th 
IMAGE 
IMAGE +h 
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TABLE 1—PARAMETERS IN THE NUMERICAL EVALUATION OF EQ. 16 
50, 100, 200 
0.2, 0.4, 0.6, 0.8 
0 
0.2, 0.5 (b = 0:6 only) 
10 cm, L = 3,000 cm 
50, Po = 3,000 psi 


The integral in Eq. 15 may now be calculated gra- 
phically by plotting F(T) vs T and finding the area 
under the curve from 0 to T for any desired value of 
T. This process runs into difficulty in the region around 
T = 0. Fortunately, there is a way out. For small values 
of T, the term in the brackets in Eq. 16 approaches 
one and the integral in Eq. 15 approaches the exponen- 
tial integral. For these values of 7, therefore, published 
tables’ may be used. For larger values of T; the expon- 
ential term in Eq. 16 approaches one when r is small. 
In this work, therefore, the term in brackets in Eq. 16 
was calculated by the Datatron digital computer for 
several sets of parameters, as shown in Table 1. 


Graphs of F(T) vs T were constructed from these 
calculations and the areas under the curves between the 
times, IT (minimum) and JT were measured with a 
planimeter. These values of the integral, when added to 
the value of the exponential integral at T (minimum), 
give the values of the integral in Eq. 15 at the desired 
times, T. These values of the integral in Eq. 15, as a 
function of the time, 7, have been designated “pres- 
sure drawdown coefficients” (D,). D. was plotted.as a 
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TABLE 2—SYNTHESIS OF PRESSURE BUILD-UP CURVES 


Y = 200 b= 0.4 T = 4 X 10°sec 

@ = 50 Po = 3,000 psi 
Pressure Drawdown Coefficient 

De (T + AT)  Dc(AT) Diff. AP P AT (Sec) T + AT 

11.02 6.63 4.39 219 2,781 600 1.49 x 10-4 
11.02 7.74 3.28 164 2,836 1,800 4.48 X 10-8 
11.04 9.83 1.21 60 2,940 24,000 5.66 X 10-7 
11.10 10.40 .70 35 2,965 90,000. 1.84 X 10-4 
11.25 10.90 AS 17. 2,983 300,000 
11.38 11.18 .20 10 2,990 600,000 


function of time and penetration ratio on large work 
sheets and used to construct the synthetic pressure build- 
up curves. An example of such a plot is given in Fig. 4. 

The pressure build-up curves are synthesized by read- 
ing D, from the curves at time AT and (T + AT), and 
applying the principle of superposition. An example of 
such calculation is shown in Table 2. In this 
table D, (f+ AT) and D, (AT) are read from the 
chart. Their difference is multiplied by QO to give AP, 
where Q Ue . The pressure, P, is obtained by sub- 

4irkh 

tracting AP from P,. AT is the assumed shut-in time 
and the remaining column in the table is calculated in 
the usual manner. 

The resulting synthetic pressure build-up curves are 
shown in Figs. 5, 6, and 7. 

Fig. 8 shows the effect of different producing times 
prior to shut-in, Fig. 9 shows the effect of making the 
measurement at different depths in the well, and Fig. 
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DISCUSSION 


It will be noted that all these curves have two fea- 
tures in common: (1) at early times the-slope of the 
pressure build-up curve approaches that for 100 per 
cent penetration, and (2) at late times the slope be- 
comes very nearly b times the slope for 100 per cent 
penetration. Table 3 shows this comparison. 

The curves that have been synthesized are based on 
the condition that the production rate per unit length 
of exposed formation is constant. That is, q,/h in the 


term 


4 


part of these curves is used in the usual way to calcu- 
late a value for kh, a value which represents the pro- 
ductivity of the well, not the formation, will be ob- 
tained since h is the well penetration. Formation pro- 
ductivity can be obtained by using a production rate ad- 
justed for the penetration. Assume for the moment that 
a well is producing at some specific rate q,, then 


where q,, is the production rate if the penetration were 
100 per cent. 

Now bZ is the penetration ratio times the slope of 
the early part of the build-up curve, which is shown to 
be the slope of the late part in Table 3. Therefore, the 
use of the late part of the build-up curve (slope = bZ) 
and the given production rate, qg,, is equivalent to in- 
troducing a correction for penetration to the produc- 
tion rate. Hence, i 

bZ 
where kL is the productivity of the formation. There- 
_fore, one need not be concerned regarding the degree 
of penetration, if the formation productivity is desired, 
in cases where the early part is obscured by afterflow; 
a situation, incidentally, which is nearly universal. 

If well productivity is desired, some knowledge of the 
penetration ratio, b, is necessary. In this case it would 
be desirable to make a correction for afterflow’. 

The synthesized pressure build-up curves illustrate the 
effect of partial penetration for the range of parameters 


kL 


used. For values of L Vax outside the range used 


here, the effect of partial penetration can be deduced 
from the results given. Since L appears to the first 
power, it predominates over cuf and k which occur as 
square roots. But the worst conditions, as illustrated in 
Fig. 5, are probably due to a small L. This is just the 
situation when partial penetration is least likely to oc- 
eur. At the other extreme, illustrated in Fig. 7, the initial 
straight part extends to later times. Thus, the principles 
discussed herein may be applied when L is large and 
partial penetration is most likely to occur. Furthermore, 
if afterflow is not present, or if present and a correc- 
tion is made, and if the complete build-up curve is 


TABLE 3—COMPARISON OF SLOPES OF BUILD-UP CURVES AT LATE TIMES 
(All slopes in psi per cycle) 


b 0.2 0.4 0.6 0.8 1,0, 
bZ 100 = 23 46 69 92 115 

Y = 50, 24 42 70 93 6 
yY=100, 23 46 71 92 7 
Y= 200, 23 46 70 91 8 
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quB 
kh in Eq. 15 is constant. Thus, if the early _ 
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available, then a means is provided for calculating 
the penetration ratio from the ratio of the slope of the 
late part to that of the early part of the build-up curve. 
From this calculated penetration ratio and the known 
producing interval the effective formation thickness may 
be obtained by a simple calculation. 

It should be noted that there are grave practical dif- 
ficulties to this procedure, however. For instance, after- 
flow is a major obstacle even when a correction is at- 
tempted, since such a correction does not always pro- 
duce the desired result. The analysis simply shows that 
in principle, at least, it ought to be possible to calcu- 
late the penetration ratio from build-up data. 

One further point should be mentioned in connection 
with the use of Eq. 15. It will be noted that the pres- 
sure change varies with the z coordinate. This means 
that the wellbore is not at constant pressure from top 
to bottom. But neither is this true in an actual well, be- 
cause of fluid head. In this connection the classic theory 
assumes a uniform wellbore pressure, whereas the pres- 
sure difference between top and bottom of the well 
might be as much as 50 psi or more in very thick for- 
mations. Fig. 9 shows that this situation is no more 
serious for the equations developed here than in the 
classic case. 


CON €CLUSTONS 


On the basis of the results presented here the fol- 
lowing conclusions are presented. 
1. Partial penetration does not invalidate the use of 


B39 


| 
| 
[| 
| 
4 
| 
; = 


10 MIN 3OMIN IHR 2 HR 
000 T T T => 


|| 


5 2900 

(oy 

= AEN: 

a 

a 


2800 
T=4X102 SEC, 
b=0.4, G=50, R=3000 PSI 
y= 


@ io"! 109 
AT 
Tt AT 
Fic. 10—Synruetic Pressure Buitp-up Curves SHOWING 
Errect oF Quantity (Y). 


the classic theory for the calculation of reservoir pro- 
ductivity from pressure build-up data. 

2. Partial penetration does produce a characteristic 
shape of the pressure build-up which differs from the 
classic form, and this difference may be utilized to 
estimate the penetration ratio and hence the effective 
formation thickness. 


NOMENCLATURE* 


(All units metric unless otherwise stated.) 


f = porosity 
h = Jength of producing interval, or length of line 
source 
L = formation thickness, or thickness of infinite slab 
p = the general pressure, atmospheres 
P, = initial formation pressure, atmospheres _ 
gq = production rate per unit length of line source, 
or producing interval 
Q = total production 
r = radial coordinate, spherical or cylindrical polar 
t, T = time 
u = viscosity 


x, y, Z = cartesian coordinates 
Z = slope of the straight part of the pressure build- 
up curve 


*See AIME Symbols List in Trans. AIME (1956) 207, 363, for other 
symbol definitions. 
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cut 
1/K 
a=Z/E 
— quB 
cuf 


ACKNOWLEDGMENTS 


The author wishes to thank the management of Phil- 
lips Petroleum Co. for permission to publish this ma- 
terial. In addition, the author takes this opportunity to 
express his appreciation in particular to those who 
rendered valuable assisance in the preparation of this 
material: to M. R. Dean who reviewed the manuscript 
and made many valuable suggestions, R. O. Shelton and 
J. D. Tucker of the Mathematical Engineering Branch 
of the Research and Development Dept. for their assis- 
tance in making the numerical calculations of Eq. 16, 
and to Morea Prentice who prepared the graphical 
integrations. 


REFERENCES 


1. Horner, D. R.: Proc. Third World Pet. Congress, Sec. II, 
E. J. Brill, Leiden (1951) 503. 

2. van Everdingen, A. F.: “The Skin Effect and its Influence 
on the Productive Capacity of a Well,” Trans. AIME 
(1953) 198, 171. 

3. Thomas, G. B.: “Analysis of Pressure Ruild-Up Data,” 
Trans. AIME (1953) 198, 125. 

4. Miller, C. C., Dyes, A. B., and Hutchinson, C. A., Jr.: 
“The Estimation of Permeability and Reservoir Pressure 
from Bottom-Hole Pressure Build-Up Characteristics,” 
Trans. (1950) 189, 91. 

5. Carslaw, H. S., and Jaeger, J. C.: Conduction of Heat in 
Solids, Oxford Univ. Press, London (1947). 

6. Kelvin, Lord: Mathematical and Physical Papers, II, 41. 

7. Muskat, M.: Physical Principles of Oil Production, Mc- 
Graw-Hill Book Co., N. Y. (1949) Sec. 5.4 and 5.5, 
Chap. 4. 

8. Peirce, B. O.: A Short Table of Integrals, Ginn and Co., 
31d Ed., Boston (1929) 116. 


9. Tables of Sine, Cosine, and Exponential Integrals, Fed- 
eral Works Agency (WPA) Supt. of Doc., Washington, 

10. Gladfelter, I]. E., Tracy, G. W., and Wilsey, L. E.: Oil 
and Gas Jour. (May 23, 1955) 126. kee 


PETROLEUM TRANSACTIONS, AIME 


b= h/L 
| 


Ta 8012 


Hydraulic Fracturing —Fracture Flow Capacity vs 


TR A-C:T 


In the past few years much con- 
sideration has been given to the 
evaluation of the effect of hydraulic 

fracturing on the productivity of 
wells. Generally, these studies in- 
cluded the evaluation of fracturing 
materials, fracture extension and for- 
mation damage due to the use of 
various fracturing fluids. Only little 
consideration has been given to the 
characteristics, and in purticular the 
flow capacity, of the fracture itself 
and its effect on well productivity. 

This paper presents the results of 
laboratory investigations pointed 
toward the evaluation of the effici- 
ency of various fractures with special 
emphasis on the flow capacity of 
these fractures. Data presented in 
this paper are the results of both an 
electrical model study and physical 
testing. Under consideration are (1) 
effect of overflush, (2) premature 
production of well after treatment, 
(3) “tailing-in” with coarse sand near 
the end of the treatment, (4) effect of 
propping agent size and concentra- 
tion, (5) reduction in effective frac- 
ture permeability caused by forma- 
tion caused by formation fines, silt 
and clays, and (6) effect of various 
fluids on formation strength and 
competency. 

The results of this investigation in- 
dicate that the flow capacity of a 
fracture is affected by any or all of 
the various parameters mentioned 
above. The authors believe that a bet- 
ter understanding and utilization of 
these factors should result in more 
efficient formation fracturing. 
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INTRODUCTION 


Hydraulic fracturing has become 
almost a standard practice of many 
companies for stimulating production 
from old and new wells. Although 
most companies utilize this service, 
techniques of application vary widely 
between companies and areas. 

Probably too often when a well in 
an area responds favorably to a par- 
ticular technique all future wells in 
the same area are treated in a simi- 
lar manner. Possibly a modification 
of the technique would result in a 
further production increase. Vari- 
ables, of which many are extremely 
difficult to evaluate from field re- 
sults, hamper the selection of proce- 
dure changes. 

Attempts are being made by a 
number of organizations to analyze 
statistically treating techniques from 


production data. This is a very 


worthy and necessary approach but 
very possibly laboratory investiga- 
tions may aid in evaluating some of 


the variables which tend to affect the. 


results of a fracturing treatment. 
Some of the factors cannot be 
studied from practical field experi- 
ence and only laboratory tests can 
show the possibilities which might 
exist. 

One of the factors which appears 
to be of major concern today is the 
flow capacity of the created fracture 
and how it can be changed. Papers 
on this general subject have been pri- 
marily concerned with the size of 
propping agent and the extent of 
fracture. Papers have also been writ- 
ten on the possible permeability dam- 
age to formations by fracturing fluids. 
In addition, it might be possible that 
another type of flow restriction is 
prevalent. This would be a restriction 
of flow through a sand-packed frac- 
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ture caused by foreign materials inte- 
grating within the propping agent. 
This paper presents preliminary 
data obtained in an attempt to evalu- 
ate the effect of some factors affect- 
ing flow through sand-packed frac- 


_-tures. 


No attempt is being made to offer 
a fracturing technique adaptable to 
all areas and conditions, but to fur- 
nish data tending to show the pos- 
sible effects which might be caused 
by variations in procedures and ma- 
terials. 


PROPPING AGENT 
PERMEABILITIES 


A hydraulically induced fracture 
containing sand as a propping agent 
may theoretically be classified as a 
packed-sand system. The flow of 
fluids through such packed systems 
has been the subject of much re- 
search. Although there have been 
numerous methods proposed for the 
evaluation of such systems, most 
writers agree on the general proper- 
ties affecting their flow capacity or 
permeability. These properties in- 
clude porosity, particle size, spheri- 
city and the roughness of the par- 
ticle. In some methods of evaluation 
the particle size and sphericity terms 
are combined to produce an equation 
which is a function of the surface 
area of the particles. 


In this study the permeability of 


various fracturing sands was both 


measured and calculated. 

The apparatus for the permeabil- 
ity measurements consisted of a 52- 
in. Lucite tube with a 2.5-in. ID. A 
screen and drain plug were fitted in 
the bottom of this tube to retain 
and hold the sand in place while al- 
lowing fluid flow. Two pressure taps 
consisting of thin, highly perforated 


91 


tubes were extended across the entire 
cross section of the flow area. These 
pressure taps were spaced 25 in. apart 
with the lower tap being 5 in. from 
the bottom of the test section. A con- 
stant fluid head device was fitted to 
the upper portion of the flow column. 

The procedure used for the evalu- 
ation of sand permeability was as fol- 
lows. The Lucite tube was filled with 
dry sand. Special care was taken to 
insure that even distribution of all 
sized grains was obtained through the 
depth of the tube. After filling the 
column, the sand was packed with 
the aid of a high-speed vibrator. A 
vacuum was then placed on the up- 
per portion of the column and air 
free water was allowed to flow up- 
ward into the sand body at a very 
slow rate. The amount of water 
needed to fill the voids in the sand 
body was used for determining the 
porosity of the bed. After complete 
saturation of the column, water was 
allowed to flow under constant head 
downward through the test section. 


The permeability was calculated. 


using Darcy’s law: 
where y is viscosity of fluid, cp; O 
is flow rate, ml/sec; AP is pressure 
drop, atm; LZ is lengih over which 
pressure drop was measured, cm; A 
is cross sectional area of sand col- 
umn, cm’; and K is permeability, 
darcies. 

The calculated value of permeabil- 
ity was obtained with the use of 
the Kozeny-Carman equation: 


where K is permeability, cm’ (K in 
darcies =) 1.01234 Kin 
cm’); k is Kozeny-Carman constant; 
S, is specific surface area, cm’/cm’; 
and ¢ is porosity, fraction. 

Extensive research has been done 
in evaluating the Kozeny-Carman 


constant. According to Carman’ the 


constant k can be written in the form, 
2 
L 


k = k, (3) 


where k, is a “shape factor” believed: 


by Carman to have a probable aver- 


L 


has been commonly referred to as 
the “tortuosity” by Rose and Bruce’. 


age value of 2.5. The term it 


Carman has suggested that} 


has a value of 2.0 in all unconsoli- 
dated porous media. From Eq. 3 if 


1References given at end of paper. 
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L 


a value of 2.0 the value of k will 
be 5.0. From results of work done 
by Wyllie and Gregory’ the measured 
values of k appear to be in reason- 
able accord with the value of 5.0 + 
10 per cent for aggregates of irregu- 
lar particles or spheres at an experi- 
mental porosity of about 40 per cent. 
The preceding constants were used 
in the following calculations. 

The surface areas were calculated 
using the equation, 


k, has a value of 2.5 and} 


6 


6 
and for mixed sizes, 

These equations for surface area are 
based on the use of spheres; however, 
it was necessary to use a sphericity 
factor with the angular sands. Spheri- 
city is defined as the surface area of 
a sphere having a volume equal to 
that of the particle divided by the 
surface area of the particle. The 
sphericity of most angular particles 
is stated by Brown* to have a value 
of 0.7 to 0.8. 

Table 1 shows the screen analyses 
together with the calculated and 
measured permeabilities of typical 
propping sands. It will be noted in 
some cases there is quite a large dif- 
ference between the measured and 
calculated value of permeability. This 
is probably due to the method used 
in evaluating the surface areas of the 
sand since none of these sands can 
truly be classified as perfect spheres. 
It may also be seen upon examina- 
tion of these sands that the round- 
ness or. sphericity factor decreases 
somewhat in the smaller grain sizes. 

Table 2 shows the reduction in 
permeability of packed columns con- 
taining 20- to 40-mesh sand to which 
was added various amounts of a fine 


TABLE 2—SCREEN ANALYSES AND PERMEABILITY 
RESULTS OF BLENDED 20-40 AND FINE MILL 
CREEK SANDS 
Per Cent Passed and Retained 

10% Fine 20% Fine 
20-40 Mill Creek Mill Creek 


Screen Size Round Sand Sand 
On 20 0.25 0.33 0.39 
Through 200n 25 4.25 7.57 
36.55 
Through 25 0n 30 21.66 20.68 
Through 300n 40 49.00 64.19 52.68 
Through 40 0n 12.80 5.26 4.29 
Through 500n 60 0.85 0.50 0.59 
Through 600n 70 0.52 
0.35 
Through 70 on 80 0.52 1.56 
Through 80 on 100 — 125 4.37 
Through 100 on 140 — 1.18 4.44 
Through 140 on 200 — 0.29 1.90 
Through 200 on 325 — 0.04 0.22 
Through 325 on Pan —_ 0.01 0.09 
Sphericity 1.00 1.002 
0.80» 0.80» 
Porosity 0.35 0.31 0.28 
Calculated Permeability— 
darcies 157.00 73.50 30.90 
Measured Permeability— 
darcies 121.00 71.50 25.80 


“Used for all particles larger than 60 mesh. 
bUsed for all particles smaller than 60 mesh. 


Mill Creek sand. As may be seen in 
these results, small amounts of fine 
sand appreciably reduced the original 
permeability of the packed column. 


EFFECT OF FRACTURES ON 
PRODUCTIVITY 


In the following discussion and 
analyses the following assumptions 
are made. The formation is homo- 
geneous and isotropic (constant per- 
meability, constant porosity); the 
fluids are incompressible and homo- 
geneous; the system is in a steady 
state of flow with a radial drainage 
boundary, and the effect of gravity is 
ignored. These assumptions will defi- 
nitely limit the numerical results of 
this study; however, certain trends 
will be similar to those in actual field 
cases, and the effects of fracture con- 
tamination, overflush, and sand grad- 
ation can nevertheless- be demon- 
strated. 

From an analysis of electrical 
model studies, trends were derived 
concerning the effect of various frac- 
tures on productivity’. The results of 


TABLE 1—SCREEN ANALYSES AND PERMEABILITY RESULTS 


Per Cent Passed and Retained 


8-12 10-20 10-20 10-30 20-40 40-60 

Screen Size Angular Angu!ar Round Round Round Round 
Through 60n 8 32.60 0.11 
Through 8 on 10 51.50 5.05 — — — — 
Through 10 on 12 15:35 21.35 0.15 
Through 12 on 14 0.40 3.80 — —_— 

69.59 

Through 14 on 16 — — 13.47 12.97 — — 
Through 16 on 18 —_ 2.70 29.50 — — 
Through 18 on 20 — 0.67 34.73 0.25 — 
Through 20 on 25 — — 13.08 _ 
Through 25 on 30 0.70 0.70 
Through 30 on 40 — _— 3.65 6.83 49.00 30.15 
Through 40 on 50 — — 1.05 0.50 12.80 39.18 
Through 50 on 60 — — 0.15 — 0.85 12.40 
Through 60 on 70 — -—— _— — 8.10 
Through 70 on 80 3.40 
Through 80 on 100 6.32 
Sphericity 0.80 0.80 1.00 1.00 1.00 1.00 
Porosity 0.36 0.36 0.32 0.33 0.35 0.32 
Calculated Permeability—darcies 2,156.00 921.00 353.00 238.50 157.00 43.80 
Measured Permeability—darcies 1,745.00 881.00 325.00 191.00 121.00 45.00 
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these analyses are presently shown in 
Fig. 1 for horizontal fractures. Pro- 
ductivity ratios with and without 
fractures are plotted against the ratio, 
Kh fracture 

Kh formation 


nesses. The Kh is defined as the 
product of the permeability (K) and 
the thickness (h) of either fracture 
or formation. It may be noted that 
the plotted points do not fall on a 
smooth curve but deviate from it. 
The reason for this deviation is that 
the flow pattern will vary with differ- 
ent bed thicknesses. 


Also shown in Fig. 1 is a curve 
which is calculated by the equation, 


for varying bed thick- 


Q; _ Inr./ro =( In 
In r./r; 

+ (6) 


where Q, is well productivity before 
fracturing, Q, is well productivity af- 
ter fracturing, r, is radius of drain- 
age, r,; is radius of horizontal frac- 
ture, r, is radius of wellbore, (Kh), 
is Kh of unfractured formation, and 
(Kh), is Kh of fracture. 


In the derivation of Eq. 6 the as- 
sumptions are made that the effec- 
tive Kh of the fractured formation 
between 7, and r, is equal to (Kh), 
+ (Kh), and that all flow is in hori- 
zontal planes only. A deviation fac- 
tor should therefore be applied to 
make the equation more realistic. 
However, as may be seen in Fig. 1 
the deviation is seldom over 10 per 
cent for which reason Eq. 6 shall be 
used in the following discussions. 


Data from the electrical model 
studies based on vertical fractures 


are graphically shown in Fig. 2. A 
similar trend can be observed as in 
the case of the horizontal fractures. 
In this case, however, productivity 
ratios are independent of the thick- 
ness of the formation, and the Kh of 
the fracture is proportional to the 
radius of drainage. 

In Fig. 3 are shown the calculated 
productivity ratios of fractures using 
different volumes and grades of prop- 
ping sand. The conditions for these 
calculations were that the wells are 
on a 10-acre spacing with a 6-in. 
wellbore, that the extent of the frac- 
tures is 0.2 r, = 66 ft, that the bed 
thickness is 50 ft, that the permeabil- 
ity is 50 md, and that the fractur- 
ing fluids cause no formation dam- 
age. Only horizontal fractures are 
shown; however, the trends will be 


quite similar with vertical fractures. . 


This figure demonstrates that the pro- 
ductivity due to fracturing increases 
as the size of propping agent and/or 
thickness of fracture increases. 

Fig. 4 shows the productivity 
changes for fractures using 20-40 
mesh sand with varying amounts 
of contamination by a fine Mill Creek 
sand. It can be seen that a consider- 
able decrease in well productivity oc- 
curs when the fracturing sand is 
contaminated with finer sand. How 
propping sand might become con- 
taminated after being placed in the 
formation will subsequently be dis- 
cussed. 

Fig. 5 shows the effects of (1). 
overflush, (2) tailing-in with a 
coarser sand, and (3) the fact that 
major production increases may be 
due to penetration through zones of 
low permeability (wellbore damage). 


HORIZONTAL FRACTURES 
7 LENGTH OF FRACTURE = 0.4 Te 
car A 
6 
£0) 
x 
PRODUCTION 5 
WITH FRACTURE _°% /: 
4 
SYMBOL REFERS TO MEASURED 
WITHOUT. VALUE BED THICKNESS= 
FRACTURE 0.05 
2 O.! Te 
(0) 0.15Te 
x 0.2 Te 
+ 0.251 
0.3 fe 


(kh) FRACTURE 
-(Kh) FORMATION 


Fic. 1—Errect or Frow Capacity on Propucriviry KOR Hort- 
ZONTAL FRACTURES. 
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VERTICAL FRACTURES | 
LENGTH OF FRACTURE =0.4 fe 


| Game 
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PRODUCTION 
WITH FRACTURE = 


PRODUCTION 


FRACTURE 


FRACTURE 
(K) FORMATION 


Fic. 2—Errecr or FLow Capacities ON 
Propuctiviry RATIO FOR VERTICAL 
FRACTURES. 


In the case of overfiush, the as- 
sumptions were made that the entire 
body of fracturing fluid and sand was 
moved radially outward, thus extend- 
ing the fracture. The per cent of.- 
overflush is the per cent of the fluid 
which was originally used to place 
4Ahe sand in the fracture. The charac- 
teristics of the overfiush fluid were as- 
sumed to be identical to the charac- 
teristics of the sand-carrying fluid. 
Also, it is assumed that the fractures 
have “healed” in those places from 
which propping sand has been dis- 
placed. 

In the case in which the regular 
20-40 mesh sand was tailed-in with 
10-20 mesh angular sand, the total 
amount of sand used remained con- 
stant. 


The left scale depicts the produc- 
tivity change after fracturing a well 
which is surrounded by a damaged 
zone 2 ft deep with a permeability 
of 5 md, which is 10 per cent of 
the original. When a 0.01-ft thick 
fracture with 20-40 mesh sand is 
made, the productivity will imcrease 
3.44 times. If only 1 per cent of the 
20-40 mesh sand is replaced by 10- 
20 mesh angular sand (tail-in), the 
productivity will increase 6.48 times 
the original productivity. The pro- 
ductivity increase will follow an up- 
ward trend with increased per cent 
of 10-20 mesh angular as a tail-in. 

When overflush is used, it can be 
noted that the productivity increase 
will be less than if no overflush had 
been used under the existing condi- 
tions. As a matter of fact, the pro- 
ductivity ratio will decrease from 
3.44 to 1.03 when the overflush is 
only as little as 1 per cent of the fluid 
used to carry the sand. This effect 
is particularly noticeable in the case 
of a damaged formation. If the dam- 
age (in our case 2 ft deep and 90 
per cent loss of permeability) were 
completely removed by some means, 
the productivity would increase 3.6 
times. 

On the right scale in Fig. 5 is 
shown the effect of both overflush 
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and tailing-in with coarse sand where 
no damage exists surrounding the 
wellbore. It can be noted that with 
a fracture with 20-40 mesh sand 
and 0.01 ft thick, the productivity 
can be increased 1.34 times. With 1 
per cent tail-in of 10-20 mesh 
sand, the productivity can be in- 
creased to 1.85 whereas with 1 per 


cent overflush the productivity in- 
crease will be only 1.12. 

Under certain conditions the prop- 
ping sand may be produced shortly 
after treatment of the well. One rea- 
son for such behavior may be that 
inadequate time was allowed for the 
fracture to close sufficiently and re- 
tain the sand in place (premature 


5 Ts 
HORIZONTAL FRACTURE 
10-ACRE SPACING; 6-In, WELL BORE KH (FRACTURE) = OO 4.66 
LENGTH OF FRACTURE = 0.2 = 66 Ft. 
BED THICKNESS 56 Ft. 
Foye PERMEABILITY OF FORMATION 50 md. 
PRODUCTION 
WITH FRACTURE 
PRODUCTION 
WITHOUT 
2 pe 
-60 
0 0.01 0.02 0.03 0.04 0.05 
| FRACTURE, THICKNESS (Ft.) | | 
0 10,000 20,000 30,000 40,000~50,000 60,000 70,000 


AMOUNT OF PROPPING SAND (Lbs.) 


Fic. 3—Errect or Fracrure THICKNESS ON PrRopuctrivity 
ror TypicAL Proppinc SANDS. 


10-ACRE SPACING ; 6-In. 


BED THICKNESS 50 Ft. 


I 
HORIZONTAL FRACTURE 
LENGTH OF FRACTURE =02 1, = 66 Fi. 


PERMEABILITY OF FORMATION 50md. 


WELL BORE 


PRODUCTION 
WITH FRACTURE _ 


PRODUCTION 
WITHOUT 


FRACTURE § 


0.02 0.03 0.04 0.05 


FRACTURE, THICKNESS (Ft) . | | 


10,000 20,000 
AMOUNT 


30,000 40,000 50,000 60,000 70,000 
OF PROPPING SAND (Lbs.) 


hic. 4-Proveinc CONTAMINATION ON PRopucrivity Ratio. 


PROD. WITH 


HORIZONTAL FRACTURE 42.4 
1O-ACRE SPACING; =6 in. | 
(WITHOUT OVERFLUSHI=0.2 = 66 422 
Kh (FORMATION)= 2500 md. ft. 
Kh (DAMAGED ZONE)= 250 md. ft. 42.0 
DEPTH OF DAMAGE =2 ft. 
PROPPING AGENT IS (20-40) rd. 


FRACTURE THICKNESS =0.01 ft. 


416 
PROD. WITH 


Q 
PROD WITH PROD. WITHOUT 9, 
DAMAGE WITHOUT DAMAGE WITHOUT 
FRACTURE FRACTURE 
NO DAMAGE 408 
NO OVERFLUSH 
‘NO "TAIL-IN" 40.6 
10 7.5 5 2.5 0 25 5 75 10 


10-20 (ANG) "TAIL-IN" % 


OVERFLUSH, % 


Fic. 5—Errect oF WELLBORE Damace, OVvrERFLUSH, AND ‘l’AILING-IN ON Propuctivity. 
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production). In such cases the results _ 


should be similar to those shown in 
the cases of overflush. 

The following general conclusions 
may be drawn from Fig. 5: (1) a 
major increase in productivity may 
be due to breaking through a dam- 
aged zone, (2) beneficial effects may 
be obtained by tailing-in with coarser 
sand, and (3) overflush and prema- 
ture production may be detrimental 
to fracturing results. 


FLUID EFFECT ON 
FORMATIONS 


The following series of tests were 
conducted for the purpose of deter- 
mining the effect of various fluids 
on the competency and strengths of 
different formations. The fluids used 
were those commonly applied as 
fracturing fluids or in conjunction 
with the fracturing treatment. 

Formation segments were im- 
mersed in these fluids under line 
vacuum. Observations were made on 
the competency of formations after 
such immersion. The results of these 
observations are listed in Table 3 
together with the formation charac- 
teristics and the clay minerals found 
present. 

In Table 4 are listed the compres- 
sive strengths of formations after im- 
mersion in the different fluids. The 
compressive strengths shown are av- 
erage values measured on cylindrical 
cores % in. in diameter and %4 in. 
long. The flat faces of these cores 
were capped with gypsum cement to 
obtain an even bearing surface. It is 
realized that the size and shape of 
these samples are not in accord with 
the ASTM recommendation; how- 
ever, the trend should be similar. The 
%4-in. cores were used because of 
the availability of formation material. 

From both Tables 3 and 4 the con- 
clusion can be derived that both the 
competency and the compressive 
strength of a formation may be af- 
fected when immersed in water-base 
fluids. Also, it might be noted that 
when the cementitious material of 
the formation is soluble in the treat- 
ing fluid, complete disintegration may 
result with an accompanying release 
of insoluble fine particles. Disruption 
of formations was also noted in the 
presence of clays which incur a vol- 
ume change upon contact with cer- 
tain fluids. 


CONCLUSIONS 


The general results of this exam- 
ination indicate the results of a frac- 
turing treatment are very dependent 
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upon the flow capacity of the pro- 
duced fracture. Any method which 
causes a flow restriction within the 
propped fracture can appreciably re- 
duce the possible production increase. 
Restriction of flow through a propped 
fracture can be caused in part by the 
following. 

1. Overflush — Removal of prop- 
ping agent by overflush from the 


close proximity of the wellbore may 
allow excessive healing or closing of 
the fracture in this area. 

2. Premature production after 
treatment — This can also cause re- 
moval of propping agent leaving con- 
ditions similar to overflush. 

3. Release of formation fines from 
fracture surfaces — Such fines can 
become integrated within the prop- 


TABLE 3—EFFECT OF VARIOUS FLUIDS ON COMPETENCY 


Formation 


A B D E 
Depth, ft 6,800 6,885 9,165 6,330 1,166 1,192 
it Permeability, md 10 15 5} 6 2 11 
oa Porosity, Per Cent — — 15 10 22 20 
= co Solubility, Per Cent less 1 less 1 3 502 17 18 
Vv Salt Content, 
cvs Mg/100 gm 60 80 120 60 300 230 
Chlorite small small small 
52 Wite small small small small small small 
5 =o Kaolinite small small small small small small 
Montmorillonite * — large large 
Water N S N N P P 
5 10 Per Cent NaCl = 
> Solution N N N N S-L $ 
2 Per Cent CaClo 
£ Solution N N-S N N L S 
5 2 Per Cent HCI N s N S-L = P 
= 72 Per Cent HCI L 
72 Per Cent HCI 
> + Surfactant N N N Cc S-L Ss 
2 15 Per Cent HCI N N Ss L-P P-C Ss 
Wi 15 Per Cent HCI + 
10 Per Cent NaHF2 N P P — LP = 
*Probably mixed layer illite-montmorillonite, montmorillonite-chlorite. 
N = No detrimental effect noted. 


S = Small amount of fines released. 
L = Large amount of fines released. 
P = Partially disintegrated. 

C = Completely disintegrated. 


TABLE 4—-EFFECT OF VARIOUS FLUIDS ON COMPRESSIVE STRENGTH 


Formation G H ! J K L M N O° te 
Depth, ft 2,608 1,192 6,279 6,786 6,845 540 1,201 1,166 9,059 — 

v 
eS Permeability, md less 1 11 less 1 less 1 3 — 22 2 12 9 
a Porosity, Per Cent 8 20 9 13 20 — 22 22 17 14 
os Solubility, Per Cent 85 18 14 12 2 Less 1 18 18 7} 1 
Salt Content, 
oa Mg/100 gm 120 230 80 40 60 260 210 280 55 145 
en Chlorite — — small — _ small trace —_ — small small 
oV¥ Iite trace small small small small small small small small small 
so Kaolinite — small small small small small small small small 
Montmorillonite — large * large large small — 
< Kerosene 16,580 1,818 10,249 8,832 4,982 598 B87. 1,71 9,948 13,193 
De Water 16,087 P 9,654 8,179 3,775 369 4,019 (P-C) P-C 9,714 12,756 
3.2 10 Per Cent NaCl — 1,141 — — — 396(P) — 842 (P) 6,567 — 
& 5 | 2PerCentCaCle 1,078 — —- — C 1,078 (P) 6,875 — 

£ 2 Per Cent HCI — 555 — — — 435 716 (P)10,134  — 
ise 72 Per Cent HCI 12,600 276 3,988 5,944 — 365 1,488 (P) 344 (P) —- 13,394 
a 72 Per Cent HCI 
2 + Surfactant 12,470 253 7,527 8,145 4,574 310 582 (P) 365 9,753 11,540 
£& | 15 PerCentHCl 15,050 247 — — — 510 802 (P) 317 (P) 9,352 — 
° 15 Per Cent + c 
bd 10 Per Cent NaHF2 8,551 — 6,929 7,541 3,501 392 (P) 1,762 (P) — — 11,363 


layer illite-chlorite, illite-montmorillonite. 
= No detrimental effect noted. 

= Small amount of fines released. 

= Large amount of fines released. 

= Partially disintegrated. 

= Completely disintegrated. 
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ping agent, thus reducing the effec- 
tive permeability. Even small per- 
centages can be very detrimental. 

4. Fluid effect on competency and 
strength — Use of an improper frac- 
turing fluid and/or other fluids in 
conjunction with the treatment can 
cause partial to complete disintegra- 
tion of some fracture surfaces, thus 
releasing fines, silts and clays. 

Productivity increases may be im- 
proved by the following. 

1. Large propping agent — The 
use of as large a propping agent as 
practical for the particular well con- 
ditions should give superior results. 

2. Tail-in —If sufficiently large 
sand cannot be used throughout, the 
use of a large sand at the end of the 
treatment can be very beneficial. 

As previously stated, the presenta- 
tion given here is based on prelimi- 
nary laboratory evaluations. There- 
fore, the numerical values shown 
should not be used directly but the 
purpose of this paper is to indicate 
the possible effects on various factors 


“only. 
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Calculation of Linear Waterflood Behavior 
Including the Effects of Capillary Pressure 


JIM DOUGLAS, JR. 
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The calculation of the behavior of an oil reservoir 
during a water flood has long been an important prob- 
lem to reservoir engineers. Buckley and Leverett de- 
rived the differential equation which describes the dis- 
placement of oil from a linear porous medium by an 
immiscible fluid, but this equation’could not be solved 
by the methods of classic mathematics. Consequently, 
in order to integrate the equation over the length of the 
reservoir, they neglected the effects of capillary pres- 
sure. 

In the present paper, a numerical method has been 
developed for determining the behavior of a linear water 
flood with the inclusion of capillary pressure. The dif- 
ferential equation which was derived for the case of in- 
compressible fluids is second order and non-linear. This 
differential equation was approximated by an implicit 
form of difference equation which is second order cor- 
rect in both time and distance. An electronic digital 
computer was used to perform the numerical solution 
of the difference equation. : 


INTRODUCTEON 


The problem of calculating the flow and distribution 
of fluids in an oil reservoir subjected to a water flood 
has long challenged the reservoir engineer. The ability 
to solve this problem would provide a valuable tool for 
the design and study of field waterflooding programs. 
One of the first contributions in this field was made by 
Buckley and Leverett,”” who developed a method of 
calculating waterflood performance in a linear reser- 
voir. Their technique was limited by the practical neces- 
sity of excluding quantitative consideration of capil- 
lary pressure. It is the purpose of this paper to describe 
a method for calculating the behavior of a linear water 
flood with capillary pressure considered. This method, 
although limited to the linear case, should serve as a 
step toward the solution of the two- or three-dimen- 
sional waterflooding problem which would better de- 
scribe actual reservoirs. 


The treatment of the problem has assumed that the 


reservoir is linear and homogeneous, that both oil and 
water are incompressible, and that gravitational forces 
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Paper presented at 32nd Annual Fall Meeting of Society of Petro- 
leum Engineers in Dallas, Tex., Oct. 6-9, 1957. 
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may be neglected, and that water is injected into one 
end of the reservoir and oil and water are produced 
from the other. Though these assumptions may not be 
directly applied to natural reservoirs, they are closely 
approached in many laboratory core tests. 

The physical problem has been represented mathe- 
matically by means of a differential equation and suit- 
able boundary conditions. The inclusion of capillary 
pressure effects causes the differential equation to be 
second order and non-linear, and it is not amenable 
to solution in terms of known functions. Nevertheless, 
the problem may be solved by numerical methods. The 
authors have successfully calculated several cases from 
the start of water injection through to depletion of the 
hypothetical reservoir using realistic capillary pressure 
and relative permeability characteristics that were chosen 
so as to put the method to a test. 


DIFFERENTIAL EQUATION 


In two- or three-dimensional problems involving the 
two-phase flow of incompressible fluids through a por- 
ous medium, the equations describing the flow can be 
combined until only two dependent variables remain, 
the pressure in one phase, and the saturation of one 
phase. These variables appear in two simultaneous par- 
tial differential equations which are derived on the basis 
of the conservation of mass and Darcy’s law as applied 
to two-phase flow. For a linear reservoir, this system 
of differential equations can be reduced to a single, non- 
linear, second order, parabolic differential equation for 
one dependent variable, the saturation of one phase. 

For incompressible water and oil, it can be shown 
that the conservation of mass for the two phases re- 
quires that 


OS 


where q, and q, are the water and oil flow rates per 
unit cross-section, s, and s, their saturations, od, the 
porosity, and € and 7, dimensional space and time 
variables. 

Darcy’s law, as extended to two-phase flow including 
the effect of capillary pressure,’ is as follows: 
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k, Op, 
where k refers to the effective permeability with re- 
spect to a phase, u, to the viscosity of the phase, 
and p to the pressure in a phase. In the displace- 
ment process under consideration, the water satura- 
tion at each point in the core is always increasing, 
and under these conditions the effective permeabili- 
ties to each phase depend only on the fluid satura- 
tions. Likewise, under these conditions, the capillary 
pressure, 


depends only on the fluid saturation. Bor aes let 


The differential equation satisfied by s may now be | 


derived from the above relations. First, it follows from 
Eqs. 1 and 2 that 

where Q (7) is the total flow rate per unit of cross-sec- 
tional area at time r. Although no material simplifica- 


tion of the problem is effected by using a constant rate, - 


it is convenient to do so, and throughout the remainder 
of the discussion this will be eed hee 
If p, is replaced by p,, + p. a Eq. 4 and then Eqs. 3 
and 4 are substituted into Eq. 8, it can be seen that 


dp. 
OD w os 
Pew 
It then follows fois Egs. 1, 3, and 9 that 


1 +—— 
Kp 
Eq. 10 may be put into the dimensionless form, 
os 
11 
where 
= 12 
g(s) (12) 
d 1 
ds 1 
by the change of variables 


L being the length of the reservoir. 
dp. 
If the dependence of aaa on-s is expressed in 


dp. 


dp. 
ds char, 
ape 


sionless capillary pressure gradient and Fl is a 


the form 


= y(s), where y (s) is a dimen- 


“characteristic” value of the slope of the capillary pres- 
sure curve, then g(s) may be put in the form 
dp. 
K char. 
ds ) 


¥(S) 
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This form, which is essentially the same as presented 
by Rapoport and Leas,’ shows that, in addition to the 
relative permeability and dimensionless capillary pres- 
sure gradient characteristics of the porous medium, the 
saturation profile at any time depends also on the value 
of the two dimensionless groups, 


char. 


Eq. 11 is the fundamental differential equation for. 
the saturation of oil, and its solution gives a complete 
description of the physical problem being studied. It is 
possible by transforming the dependent variable to sim- 
plify the form of the equation with regard to the nu- 
‘merical procedure to follow. Denote the maximum oil 
saturation (i.e., that oil saturation for which s,, is equal 
to the connate water saturation) by smax and the residual 
oil saturation by s,.., and let 


1 [s 
Z Smax 
where 
Sres 
Smax 
Then, in terms e r, Eq. 11 becomes 
t 
where 
1 
19 
a(r) dr | ( ) 
| 
1 ds 
20 
(20) 


To complete the specification of the problem, an 
initial condition on s and boundary conditions at the 
two ends x = 0 and x =1 of the reservoir must be 
given. At t = 0, let 


0) = = Smax . . (21 ) 
This corresponds to the initial condition 


The boundary at x = 0 will be the inflow face for 
the injected water. This requires that 


This implies that 


Ox 


From Eqs. 3, 5, 8, 14, and 24, 
op. dp. 0s LOM. 


Ox ds 0x Kw 3) 
This is equivalent to 


It has been observed in laboratory experiments that 
before any water is produced at the outflow face the 


_ water saturation in the neighborhood of the outflow face 


builds up to essentially its maximum value.” More- 
over, the water saturation there remains at this maxi- 
mum value from then on throughout the remainder of 
the flood. This can be expressed mathematically as fol- 
lows: 


q.(1;t) = 0 if 

and 
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for some: ti 
Let 1* be the first time such that s(1,t) = s,... Then, 
Eqs. 27 and 28 can be converted to the following: 


r(1,t) = 1, 


This completes the reduction of the physical problem 
to a mathematical problem. Collecting, we obtain the 
following system: 


or or 
(a) 
(b) r(x, 0) = 0, 
~— = vir(0,0)} 
robw 
(ds) r(1,t) = 1, (315 


Since the system (Eq. 31) will be solved by an 
approximate method, it is valuable to have a redundant 
relation that must be satisfied to use as a measure of 
the correctness of the approximation. An over-all ma- 
terial balance may be used for this relationship quite 
satisfactorily. The water balance is 


9 
where s,; is the initial water saturation. For t < f*, 
this may be reduced to 


1 
For t > r*, it can be shown that 
or(1,t) 
and that Eq. 32 becomes 
t 1 
z| ay, +] 1 = se = 
t* 0x 
(35) 


(34) 


DIFFERENCE EQUATION 


The fundamental differential Eq. 31(a) is a quasi- 
linear parabolic differential equation and is not amenable 
to the techniques of solution common to classic mathe- 
matical physics; however, it is possible to approximate 
its solution by finite difference techniques. The differ- 
ence analog of Eq. 31(a) to be employed in this paper 
is a modified Crank-Nicolson difference equation.’ This 
difference relation is discussed in detail in the literature’ 
for a slightly simpler, but still non-linear, parabolic dif- 
ferential equation; in particular, its advantages over 
other commonly used difference relations are pointed 
out. Moreover, it is derived completely there; thus, only 
a description and its final form will be given here. 

Let Ax =1/I and At> 0, and let x, = (i — 1) Ax, 
Denote by w,,, the value of the solution of the differ- 
ence equation (i.e., the approximation to r) at the point 
(x;, t,). Define the first x-difference of w,,, to be 
Wistn Wi-an 


= 
2 NX 


(36) 
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and its second x-difference to be 
The first difference is an approximation to the first de- 
rivative and the second difference to the second deriva- 
tive. 

The modified Crank-Nicolson equation for Eq. 31(a) 
may be obtained as follows. Assume that the values of 
w;,; are known for j = 0, 1, ..., m and that the values 
Of Wi... are not yet known. Replace the second deriva- 

Or 
Ox” 


tive by the average of the second difference at the 


, times and 


2 


2 
x 


similarly, let 


Also, let 
or Wi Wi 
isn 40 


This leaves only the choice of r in the coefficients a(r) 
and B(r) to be made. It is desirable that an approxima- 
tion to the value of r at the point (x;, f,.:) be used, 
since Eqs. 38 and 40 are centered there, and that this 
approximation leave the algebraic equations that must 
be solved at each time step linear. As shown in Ref. 5, 
this may be done by defining 


Win + a(Win) AWi nl 


2B (Win) 
(41) 
and letting 


Hence, the difference equation may be written as fol- 
lows: 


x [A.Wi net 
Wins al 


At 


AWinl = 


a 


The above relation is to be satisfied for i=1,... 
The initial condition and the boundary conditions 
must also be translated into difference form. The initial 

condition is 


The problem of evaluating r in v(r) and y(r) may be 
solved in the same way as before. Let 


and replace the boundary conditions by 


Note that the number of points at which Wi,nu1 1S evalu- 
ated decreases by one when tf surpasses t*. The linear 
algebraic equations to be solved at each time step can 
be treated by a form of Gaussian elimination.° 


It is necessary in the material balance check to evalu- 
ate some integrals numerically. The saturation integral 
in Eqs. 33 and 35 can be handled quite well by Simp- 
son’s rule. The integral, 
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| dt, > 
arising in Eq. 35 can be approximated by the trapezo- 


or(1,t) 
ot 


dial rule after approximating by 


DINK 


a formula resulting from interpolating the last three 
values by a parabola. 


(49) 


DESCRIPTION OF CALCULATIONS 


Calculations of the fluid saturations in a_ linear, 


homogeneous reservoir have been made for five values _ 


of the dimensionless rate parameter, 


K 
values are 0.0159, 0.159, 1.59, 7.95, and 15.9. In all 
these cases, the viscosity ratio was held constant at 
the 
bo 
case until the water-oil ratio exceeded 100 to 1. 
These calculations were carried out to serve as ex- 
~ amples of the type of results possible by application of 
the numerical procedures presented herein. They apply 
only: for one-dimensional flow with a water-to-oil vis- 
cosity ratio of one-half, and for the particular relative 
permeability and dimensionless capillary pressure data 
used, which are shown in Figs. 1 and 2, respectively. 
The equations for these curves are 
k,. = 1.4256(s — 0.216) , 
16529 (O58) 
De [ 0.05669 
dp. Fee — 5) 
; 
The reason for using such reservoir characteristics 
was to investigate the feasibility of making the calcu- 
lations with data that cause the integral, Z, to be un- 
bounded. With such data, the transformation of the 
dependent variable from s to r is accomplished by inte- 
grating nearly, but not quite, to connate water satura- 
tion. 
In order to prepare the data for use in the com- 
puter, the following relations were obtained:* 
043372 3,0819 — 10:592 7° 


= % and the calculations were continued in each 
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Fic. 1—RELATIVE PERMEABILITIES OF THE 
RESERVOIR. 
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Fic. 2—DimensionLess CAPILLARY PRESSURE 
or THE HyporHeticaL Reservoir. 


+ 14.256 r? — 6.79618 , 

Kio + ro 
— 16.178 r? + 7.7895 r*)? . 


From these two relations all the other pertinent 
functions (a, 8, y, and v) may be derived. 


After the calculations were made, it was noted that 
two discrepancies existed in the data. First, since g(s) 
vanishes for s = s,.;, the derivatives of s with respect to 
r should be infinite for s = s,.,. Obviously the poly- 
nominal representation above does not describe this be- 
havior. The fitting of the curve in this manner induces 
an inconsistency between Eqs. 25 and 26 as s approaches 
Sres at the inflow face. The other difficulty arises from 
the shape of the capillary pressure curve at residual oil 
saturation. It can be shown from consideration of the 
boundary conditions (Eq. 25) for saturations near that 
at residual oil that dp,/ds must be infinite at this satura- 
tion. The curve used in the examples did not have this 
property. As a result, r(0,t) tended to rise above one; 
this was prevented in the calculation by limiting r to 
a greatest value of one. As a result neither of these 
limitations in the data should have had an appreciable 
effect on the calculation. 


The calculations required 260 operations (logical and 
arithmetic) per distance increment per time step on a 
machine which ran this calculation at a rate of 13,000 
operations per second. Since about 1,200 time steps 
were needed to deplete the reservoir and a Ax of 0.02 
was sufficiently small for Cases I, II, and III, they were 
calculated in 25 minutes each (including output time) 
and had material balance errors (by Simpson’s rule) at 
water breakthrough of 0.21, 0.14, and 1.6 per cent, re- 
spectively. A Ax of 0.005 was necessary in Cases IV 
and V in order to hold the error at water breakthrough 
to 1.4 and 7.2 per cent, respectively. These cases took 
100 minutes each, In all cases the time increment began 
at 0.0001 and was doubled every 200 time steps until 
it reached 0.0016, at which value it remained until the 
end of the case. Any of the errors quoted can be re- 
duced by using smaller distance and time increments. 


=) (0.6291 12.229 


DISCUSSION OF RESULTS 


The results of the example calculations are shown in 
Figs. 3 through 13. In Figs. 3 through 7 are shown 
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Fic. 4—SaTuraTION DistTRIBUTIONS FOR Case II.~ 
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Fic. 5—Saturation DistripuTions For Case III. 
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Fic. 6—Saruration DistripuTiIons For Case IV. 
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Fic. 7—SaTurRATION DISTRIBUTIONS FOR CASE V. 


the saturation distributions for the five cases at three 
different stages of the flood. At the two lowest dimen- 
sionless rates (Figs. 3 and 4), the capillary forces move 
the water into the core fast enough that no steep satura- 
tion gradients exist. The next highest rate (Fig. 5) re- 
sults in larger saturation gradients, though the front is 
still spread over a considerable portion of the reservoir. 
The increase in water saturation at the outflow face as 
a result of the discontinuity of the medium there is 
clearly shown by this case. Figs. 6 and 7 show how the 
water front gets steeper with increasing rate. 

To show a comparison of the steepness of the fronts, 
the saturation distributions for the four highest rate 
cases are compared at 0.2 and 0.4 pore volume injected 
in Figs. 8 and 9, respectively. Also shown there for com- 
parison are saturation distributions calculated by the 
Buckley-Leverett method, in which it is assumed that 
the capillary pressure gradient is zero at all saturations. 
This case corresponds to a dimensionless rate of infinity. 
It can be seen that as the dimensionless rate is increased, 
the front gets steeper and approaches the Buckley-Lev- 
erett curve. Fig. 10 shows the saturation distribution 
along the reservoir for all cases, except the low rate 
case, just at the point of water breakthrough. 

A plot of oil recovery as a function of cumulative 
water injection, Fig. 11, shows that for dimensionless 
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Fic. 8—SaruratTion DistrisuTIoNS FOR Four 
Cases At 0.2 PorE VoLUME OF WATER INJECTED. 
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Fic. 9—SATURATION DISTRIBUTIONS FOR FOUR 
Cases AT 0.4 Pore VoLUME OF WATER INJECTED. 
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Fic. 10—Saturation For Four 
Cases at WATER BREAKTHROUGH. 
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Fic. 11—Propucrion Curves ror Four Cases 
AFTER WATER BREAKTHROUGH. 


rates less than 15.9 the efficiency increases appreciably 
with increasing rate. However, for rates from 15.9 to 
oo there is no difference in the production curve. 

The water-oil ratios, when plotted against injected 
volume as in Fig. 12, show that for rates less than 15.9 
- the ratios for the higher rate runs rise more rapidly 
after water breakthrough than do those for the lower 
rates. 

If the calculated oil recoveries at breakthrough are 
plotted as a function of the dimensionless rate, as is 
done in Fig. 13, it can be seen that for rates from ap- 
proximately 1 to 16 this recovery increases with increas- 
ing rate. At the higher rates, which would generally ob- 
tain in field floods, the breakthrough recovery is es- 
sentially independent of the dimensionless rate group. 
This dependence of breakthrough recovery upon rate 
for a homogeneous system such as was studied is due 
to capillary pressure effects, and has been discussed by 
Rapoport and Leas. The results presented in Fig. 12 
demonstrate the same increase in recovery at break- 
through with increasing rate that they noted, pro- 
vided the rates are in a certain range (1 to 16 in this 
case). However, at lower values of the dimensionless 
rate parameter, the breakthrough recovery passes 
through a minimum and then increases with decreasing 
rate. This behavior results from the fact that there are 
two distinct effects of capillary pressure. One of these 
is the “spreading” of the invading water front by capil- 
lary forces. The other is the well-known “end effect” 
and was included in the differential system presented in 
this paper as the boundary condition at the outflow face. 
At extremely low rates in water-wet systems the latter 
effect would predominate and prevent the production of 
water until all the recoverable oil had been produced. 
This was not shown in the data of Rapoport and Leas 

because their systems were oil-wet. 


CONCLUSIONS 


Linear, two-phase flow through homogeneous porous 
solids is described by a second-order, quasi-linear, para- 
bolic differential equation derived from fundamental 
flow equations, including capillary-pressure concepts. 
The calculations described in this paper demonstrate 
that this differential equation can be approximated by an 
implicit form of difference equation which is second 
order correct in both time and distance, and that from 
this approximation a complete saturation distribution 
history can be calculated. The calculations are of such 
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length that it is necessary to run them on a high-speed 
computer. 


NOMENCLATURE 


g = permeability-capillary-pressure function, \ defined 
by. Eq. 12 

h = flow function, defined by Eq. 13 

I = number of distance increments 

K = total permeability, darcies 

k = effective permeability, darcies 

L = length of reservoir, cm 

p = pressure, atmospheres 

QO = total flow rate per unit cross-section, cc/cm* 

= flow rate per unit cross-section, cc/cm* 

= dependent variable of differential equation 

saturation 

dimensionless time, defined by Eq. 15 

= inflow boundary condition, defined by Eq. 

= dependent variable of difference equation 

= dimensionless distance, defined by Eq. 14 

= outflow boundary conditions, defined by Eq. 

31(d;) 

normalizing integral defined by Eq. 17 

= coefficient of differential equation, defined by 

Eq. 19 

8B = coefficient of differential equation, defined by 

Eq. 20 


II 


~ 
ll 


an 


_ ss = viscosity, cp 


& = distance along the reservoir, cm 
7 = time, seconds 
¢ = porosity 
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SUBSCRIPTS 
ec = capillary 
cw = connate water 
i = distance index 
j = time index (particular) 
n = time index (general) 


= oil 
r = relative 
Ww = water 


1 = variable of integration 


SUPERSCRIPTS 
= (on w) predicted value att=n+% 
(on t) time of water breakthrough 
** = predicted value at t=n+ 1 
’ =a particular value of t 


II 


ACKNOWLEDGMENT 


The authors wish to express their appreciation to 
several members of the Humble Production Research 
Div. for their assistance with this work, and particularly 
to D. N. Turner for assistance in programming the cal- 
culations for the computer. 


102 


REFERENCES 


. Buckley, S. E., and Leverett, M. C.: “Mechanism of Fluid 


Displacement in Sands, Trans., AIME (1942) 146, 107. 


. Leverett, M. C.: “Capillary Behavior in Porous Solids,” 


Trans., AIME (1941) 142, 152. 


. Muskat, Morris: Physical Principles of Oil Production, 


McGraw-Hill Book Co., N. Y. (1949). 


. Richardson, J. G., Kerver, J. K., Hafford, J. A., and Osoba, 


“Laboratory Determination of Relative Permeability,” 
Trans., AIME (1952) 195, 187. 


‘ Dowcies J., Jr.: “The Application of Stability Analysis in 


the Numerical Solution of Quasi-Linear Parabolic Differ- 
ential Equations,” to be published. 


. Bruce, G. H., Peaceman,’D. W., Rachford, H. H., Jr., and 


Rice, J. D.: “Calculations of Unsteady-State Gas Flow 
Through Porous Media.” Trans. AIME, (1953) 198, 79. 


. Perkins, F. M., Jr.: “An Investigation of the Role of 


Capillary Forces in Laboratory Water Floods,’ Trans. 
AIME (1957) 210, 409. 


. Rachford, H. H., Jr., and Schultz, W. P.: “Some Useful 


Tables for Approximating Smooth Curves by Fifth-and- 
Lower Degree Polynomials,’ Trans. AIME (1955) 204, 
289. 


. Rapoport, L. A., and Leas, W. J.: “Properties of Linear 


Waterfloods,” Trans. AIME (1953) 198, 139. 


PETROLEUM TRANSACTIONS, AIME 


5 

7 
| 
| 
| 
| 
| 
j 
4 
| 
q 


T. P. 8014 


A Theoretical Description of Water-Drive 
Processes Involving Viscous Fingering 


P. van MEURS 
JUNIOR MEMBER AIME 


C. van der POEL ~ 


ABSTRACT 


From observations of the linear displacement of oil 
by water from a porous medium as visualized in trans- 
parent models, new insight into the mechanism of vis- 
cous fingering, as occurring in the case of unfavorable 

~oil-water viscosity ratios, has been obtained. 

A mathematical description of the observed phe- 
nomena leads to formulas expressing both oil produc- 
tion and pressure drop across the formation as a func- 
tion of cumulative water injection with the oil-water 
viscosity ratio as a parameter. 

Theoretical results are compared with those obtained 
from scaled laboratory experiments in sand-filled tubes 
in which water was injected at the one end and produc- 
tion was obtained from the other end. 

In the second part of the paper the same principles 
are used to calculate a more realistic production scheme 
in which production of oil and water is obtained from 
wells regularly distributed over the field. Results show 
satisfactory agreement with production data of an ac- 
tual oil field. 

Application of the theory is extremely simple as only 
a limited number of readily available parameters have 
to be known and results are presented in an analytical 
form. 


INTRODUCTION 


When oil is displaced from a porous medium by 
water having a viscosity lower than the oil, the oil- 
water interface is essentially unstable and has the ten- 
dency to break up into what are called “fingers” or 
“streamers”. This viscous fingering has been noted be- 
fore by Engelberts and Klinkenberg* and has recently 
been demonstrated in transparent models by van Meurs’. 
It is highly questionable whether it is at all possible 
to perform relative permeability measurements in the 
laboratory reproducing the same distribution of water 
and oil in the cores as present in practice. Therefore, 
we based our descriptive theory on an idealized model 
which was “tailored” to the fingering mechanism as ob- 
served in transparent models under scaled conditions. 
This approach was the more attractive, as a highly 
simplified model had already yielded an adequate de- 
scription of the process. Though we are aware our 


Manuscript received in Society of Petroleum Engineers office J uly 
17, 1957. Paper presented at 32nd Annual Fall Meeting of Society 
of Petroleum Engineers in Dallas, Tex., Oct. 6-9, 1957. 

1References given at end of paper. 
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theoretical approach can be extended in several ways, 
it is given here in its simplest form to explain the fun- 
damental principles and to avoid complicated formulas. 


SIMPLEST CASE OF A LINEAR DRIVE 


OBSERVATIONS AND THEORETICAL MODEL 


In Fig. 1 a series of photographs shows how water 
penetrates into a formation saturated with an oil which 
is considerably more viscous than the water. The tech- 
nique for obtaining these photographs, using trans- 
parent models, has already been described’. The fingers 
can be clearly observed and are seen to be mainly 
parallel to the flow direction. Note that the contours 
of these fingers are not smooth but show protrusions 
of water enclosing oil pockets. 


23% 


N, = = 6.0% = 20%; = 34% 


34%; W, = 180% 


No = = 12% No = 52%; 650% 


Fic. 1—Linear DispLacement or HicuHiy Viscous Om BY 
Warer, SHOWING THE IMMOBILITY OF THE WATER PROTRUSIONS 
(Arrow). O1t-Water Viscosity Ratio —80. 
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These protrusions do not advance in the direction of 
flow; see for instance the protrusion in Fig. 1 indicated 
by an arrow. This means that the fluid flow both in the 
protrusions and in the oil pockets is greatly hampered. 

Between the water fingers macroscopic areas remain 
which have not been contacted by water. They are evi- 
dently outside the water protrusions and the oil flow 
proceeds unhindered. 

For purposes of calculation we will-idealize this flow 
mechanism in the following way: (1) the displacement 
process is of a one-dimensional character in the region 
where both oil and water are present, (2) oil flow out- 
side the water fingers as well as water flow in the cen- 
ter proceeds unhindered, (3) in the edge zone of the 
water fingers both the water in the water protrusions 
and the oil in the enclosed pockets are completely pre- 
vented from flowing into the flow direction, and (4) 
the fractions of both immobile oil and water in a 
cross section of the formation are independent of time 
and place. 

Let us consider a unit cross section of the forma- 
tion large enough to contain sufficient fingers to be 
representative of the total cross section. Such a cross 
section can be divided into the following areas (see 
also Fig. 2): (1) the area outside the water fingers 
where oil flows unhindered, (2) the sum of the center 
areas of the water fingers where the water flows un- 
hindered, and (3) the area consisting of the edge zones 
of all the water fingers of the cross section. In this 
area both oil and water are immobile. 

The sizes of these areas will be characterized by 
means of oil and water saturations. 

All immobile water of Area 3 expressed as a frac- 
tion will be denoted as S,,,. This means that 5S,,,, is 
the immobile water saturation averaged over the unit 
cross section. In the same way we define S,,by averag- 
ing the saturation of immobile oil over this cross sec- 
tion. If we denote the average water saturation of the 
cross section by S,,, the size of Area 2 where the water 
flows unhindered is equal to S,, — Sun. 

Likewise, the size of Area 1 where the oil flows un- 
hindered equals S, — S,,, or with S, + S, = 1, the size 
of Area 1 may also be written as 1 — S,, — Sy. 


CALCULATION OF OIL PRODUCTION PERFORMANCE 


If we define the amount of water flowing through the 
unit cross section as q, (dimension, L f*), then 
in which uw, is the volumetric velocity of the water in 
Area 2. 
As the flow in this area was assumed to be unhin- 
dered, u,, obeys Darcy’s law for a single phase. 


u (2) 


p. being the pressure in the water phase. 
For the amount of oil passing the cross section we 
find likewise, 


with 
k Op, 


Since macroscopic parts of the oil-saturated forma- 
tion are by-passed by the penetrating water fingers, it 
is understandable that the difference, p., between pres- 
sures in oil and water phase will be approximately con- 
stant as long as the finger edges do not interfere. This 
will be true up to high water saturations, Consequently, 
P. — Pw» = constant, and 
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Fic. 2—Ipratizep Picture oF WATER FINGERS 
SHowinc Prorrustons AND POCKETS. 


Ox Ox 
From Eqs. 2, 4, and 5, it follows that 
The total amount of fluid passing the cross section 
is 


and owing to assumed incompressibility of both oil and 
water phase, g is only a function of time and not of 
place. 

For the fractional water flow, f,, we find with Eqs. 
1, 3, 6, and 7, 


with 

The equation of continuity for the water phase is 

04 w OS 

or 

Of w OS w 

in which W, = equals the cumulative water in- 


jection as a fraction of the pore volume. L is the length of 
x 
along the flow direction taken from the point of water 
injection. 

From Eq. 8 it follows that f, is a function of S,, 
only; therefore, we can write for Eq. 11, 

OS 


the formation and X¥ = is the dimensionless distance 


Differentiating Eq. 8 gives 
d w A MB 
(13) 


((M—1)(S, — Son) + 
The general solution of this differential equation is 
df » 

We assume the initial water front (at t = 0 or W, = 0) 
to be undisturbed and perpendicular to the flow direc- 
tion; thus 

Substitution of Eqs. 13 and 15 in Eq. 14 results in 
MBW, 


X= 


(16) 
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SSS xy, AREA 2 
Yy AREA 1 
OX Ow; 


and we find for the water saturation distribution in 
the region where both oil and water flow, that 


‘MB |W, 


B 
M—1°M—1 

We now discuss the range of saturations where Eqs. 
16 and 17 are valid. First of all it is clear that §,, can- 
not increase above 1 — S,, (see Fig. 3). From Eq:716 
we see that this critical value is reached at a distance, 
X;, given by 

Wi 
MB 

In the foregoing treatment it has been assumed that 

there is no flow perpendicular to the main direction of 


(18) 


flow (x direction). This assumption is roughly con-_ 


firmed by the qualitative observation that fingers are 
not seen to deviate appreciably from the mean direc- 
tion of flow. 


Still, before breakthrough, this assumption can never 
be everywhere correct. Especially at the top of the 
fingers there should also be a component of the pres- 
sure gradient in directions perpendicular to the X-axis. 
This is also observed visually, for this is the very spot 
where the mentioned protrusions are formed. This phe- 
nomenon calls for a more detailed inspection. 


The formation of water protrusions at the finger tips 
requires a certain amount of water; however, once 
filled, these protrusions do not constitute a passageway 
for the water; this requires S,, to exceed S,,, (see also 
Eq. 1, which breaks down for S, < S,,,). Therefore, 
we must cut-off the theoretical water saturation distri- 
bution (Eq. 17) at a point, X., where the saturation is 
larger than S,,,,. This critical water saturation is S, (see 
also Fig. 4). Obviously, the vertical cut-off as given in 
Fig. 4 is an idealization; the real change may be some- 
what more gradual. To find the cut-off point we reason 
as follows. 


The amount of water entering the unit cross section 
in one second at X, is used to fill the formation to the 
critical saturation, S.. If we denote the velocity at which 
S, is propagated by v., this amount has to be equal to 


Now the velocity at which the critical saturation 
propagates is defined 


dx 
or using the definitions of X and W,, 
(7 Sw=Se 
or using Eq. 14, s 
( ) Sw=Se 


_ Substitution of Eq. 22 in Eq. 19 gives for the condition 
at the cut-off boundary, 


/ 
x 


Fic. 3— Scuematic REPRESENTATION OF WATER 
SATURATION DISTRIBUTION AFTER BREAKTHROUGH. 
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Fic. 4— Scuematic REPRESENTATION OF WATER 
SATURATION DistTRIBUTION BeFoRE BREAKTHROUGH. 
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Using Eqs. 8 and 13, we find from Eq. 23 the water 
saturation at the cut-off point 


BS 
(24) 
and for X., substituting Eq. 24 in Eq. 16, gives 
MBW;, 
(25) 


X,= 
BUH 
Breakthrough will occur when the critical saturation, 


- §., arrives at the outflow end of the formation. At that 


moment the total cumulative production, W,, equals the 
breakthrough recovery, N,,. Therefore, if we substitute 
in Eq. 25, X, = 1, W; = Ny, we find 
A 


where 
Eq. 26. ‘shows that. for M = co, Np» = 
breakthrough occurs at the moment when the minimum 
saturation is established throughout the formation. 
The cumulative oil recovery after breakthrough, N,, 
is easily found by integrating the water saturation pres- 
ent in the formation (see Fig. 3) 


1 
N,> xX, (1 Sor) | 
xX 
or using Eqs. 17 and 18, 


IN (2\/W,.MB — W, —B). 


1 
In these equations N, like W, is expressed in fractions 
of the pore volume. 

From Eq. 28, all recoveries after breakthrough can 
be easily calculated. Eq. 28 is valid up to the moment 
that X, = 1, or for W; < MB. For W, > MB the re- 
covery is N, = 1 — S,,. 

How the oil produced varies with viscosity ratio, M, 
and gross production, Wj, is illustrated in Fig. 5. Here 
the curves are calculated from Eq. 28 for Sx» = Si, = 
0.15. The breakthrough recoveries according to Eq. 26 
are indicated as well. 

The dotted lines in Fig. 5 indicate the oil production 
reached at the economic limit of the water cut (f,). 
Curves are given for values of f, = 0.95, 0.98 and 
0.99, respectively. 

The relation between f,; and ultimate recovery, N,u, 
which has been used to calculate these curves, can 
easily be found from Eqs. 8, 17, and 28 by eliminat- 
ing S,, and W, and substituting X = 1. This results in 
[M — (M — 
From Fig. 5 it is seen that for intermediate oil- 
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water viscosity ratios (M~ 100) the limit to which 
production can be carried on profitably has an enor- 
mous effect on the final recovery. 


CALCULATION OF THE PRESSURE 
Drop Across THE FORMATION 


Pressure drops across the formation are easily cal- 
culated from the foregoing results by- using Darcy’s 
equation, 

1 
L 


If we neglect the pressure difference between oil and 
water phase, w and u represent either the water viscos- 
ity and the water velocity in Area 2 (where the water 
flows unhindered) or the oil viscosity and oil velocity 
in Area 1. 


Before water breakthrough we find 


Xe 1 
& 
0 Xi Xe 


and together with Eqs. 1, 3, 6, 7, 17, 18, and 25, this 
results in 


2 1 
| ( 3A° 3M’B 
(30) 
A 
for 0 < W;, 
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where P is a dimensionless pressure drop, 


and A is again 
After water breakthrough the pressure drop is given by 
0 
or 
3 MB 3 


for UB 


After the saturation, 1 — S,,, has reached the outflow 
end the pressure drop ‘is finally given by substituting 
W, = MB in Eq. 32. 

= 
MB 


for W, > MB. 


COMPARISON WITH EXPERIMENTAL RESULTS 

Recoveries calculated by means of Eqs. 26 and 28 
are compared with results of scaled model experi- 
ments carried out by Croes and Schwarz’ in horizontal 
sand-filled tubes at a varying oil-water viscosity ratio 
in Fig. 6. 

The value which must be substituted for the residual 
oil saturation, S,,, follows easily from the final recoveries 
obtained with low-viscosity oils; the experiments of 
Croes and Schwarz show a value of S,, = 0.15. 
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The value of S,,, does not follow directly from the 
experiments. The best fit between theoretical and ex- 
perimental results was obtained with S,,,, = 0.15. 

Fig. 6 shows good agreement for recoveries between 
0.20 and 0.75; experimental breakthrough recoveries 
are often lower than the calculated values. This is not 
unrealistic since every inhomogeneity in the formation 
will tend to decrease the breakthrough recovery. Al- 
most immediately after breakthrough, however, the dis- 
crepancy between theory and experiment was found 
to lie within the experimental error. 

At recoveries over 75 per cent the theoretically pre- 
dicted values are seen to be high. This is due to the 
fact that the capillary pressure difference, p., has been 
assumed to be a constant. For high water saturations 


it is known, however, that p, increases with increasing — 


saturation. This fact could be accounted for theoreti- 
cally, but would give rise to far more complicated 
formulas and is therefore omitted for the time being. 

A further check of the theory has been made by 
measuring the pressure drop across a model tube as a 
function of W, and comparing the exverimental re- 
sults with those offered by the theory. 

The experiments were carried out for values of 
M = 3.15 and 7.0. The injection rate was chosen high 
15.3.%° 20" cm/sec) in order to minimize capil- 

lary effects. Fig. 7 illustrates the agreement between the 
experimental data and the theoretical curves for Sim 
= 0.15 and S,, = 0.10. 

All available experimental data (those presented 
here, as well as others) could be described theoretically 
witha value of S,,,, = 0.15. The values of S,, in the 
used (loose) sands showed more variation, i.e., from 
0.07 up to 0.15. 


PRODUCTION PERFORMANCE OF A FIELD 
WITH LINEARLY ENCROACHING EDGE 
WATER PRODUCED BY EVENLY : 
DISTRIBUTED WELLS 


SPECIFICATION OF THE THEORETICAL 
Moper RESERVOIR 


The production in an actual field differs appreciably 
from that just described, since oil is recovered from 
wells more or less regularly distributed over the entire 
field. Especially at the moment of the first water pro- 
duction, oil recoveries will be much smaller than pre- 
dicted by the formulas derived so far as a consequence 
of an early water breakthrough in the wells situated 
close to the flank. 


We will now calculate the production performance of 
a linear water-drive field with a regular grid of wells. 
In order to make the problem dependent on one space 
coordinate only (to render it linear), we will introduce 
a theoretical model with an infinite number of regu- 
larly spaced wells covering the whole field. 

Let us consider an idealized oil field produced by 
linearly encroaching edge water under the following 
conditions: (1) the field has a rectangular shape and a 
constant thickness, (2) edge water is encroaching from 
one side of the rectangle, (3) the production is ob- 
tained from an infinite number of regularly distributed 
wells, (4) the formation is homogeneous, (5) the wells 
are closed in upon reaching a predetermined water-cut 
value, (6) all producing wells have the same gross pro- 
duction rate, (7) gravity and capillary effects are negli- 
gible, and (8) initial oil saturation is 100 per cent. 


Points 1, 2, and 3 make the problem linear, which 
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is necessary to make possible a theoretical treatment. 
In almost any theoretical treatment Point 4 must be 
assumed; in practice, however, large inhomogeneities 
will be most common. Especially will water break- 
through occur earlier in inhomogeneous formations, 
which means that the results of our calculation applied 
to an inhomogeneous field will be on the optimistic side 
for the first stage of the production history. There is ex- 
perimental evidence, however, that the ultimate recov- 
ery is not much affected, at all events, not at high vis- 
cosity ratios’. 

In Point 6 it is assumed that all wells have the same 
gross production rate. In a real oil field this will not be 
strictly valid. The wells closer to the original oil-water 
interface will have a larger production rate than the 
wells nearer the crest. Also the wells which produce 
both oil and water will have a higher gross production 
rate than the others. On the other hand, the well 
spacing nearer the water front will often be larger than - 
at the crest, which partly offsets this effect. 

The sole object of Point 8, i.e., assuming the initial 
oil saturation to be 100 per cent, is to keep the formu- 
las more simple. When the results of this paper are 
applied to an actual oil field having a connate water 
saturation, cumulative oil productions are found ex- 
pressed as a fraction of the oil in place, and not of the 
total pore volume. 

We may expect our theoretical model to describe oil 
production fairly accurately, in particular at higher 
viscosity ratios. Small deviations may be expected in 
an early stage of the producing life of an inhomogene- 
ous field. 


DETERMINATION OF THE WATER 
SATURATION DISTRIBUTION 

Fig. 8 indicates how the formation can be split into 
three regions. In Region 1 the wells have been aban- 
doned; the wells produce both oil and water in Region 
2 and clean oil in Region 3. The lower portion is a 
sketch of the water saturation distribution at the same 
moment as represented above. 

The first problem is to determine this saturation dis- 
tribution as a function of the cumulative gross produc- 
tion. We shall consider this problem separately for the 
various regions. 

REGION 1 


Here we have the same situation as described in a 
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previous section; oil is displaced by water injected at 
one side of the formation (X = 0), and production is 
obtained from the other side (X = X,). 


Therefore, the water saturation distribution between 
X, and X;, i.e., in Region 1, is given again by Eq. 17, 
where 

and X, = f,. W; (see Eq. 14). For values of X smaller 
than X, the water saturation is equal to 1 — S,,. 


REGION 2 


Through every cross section in this region both oil 
and water flow simultaneously. Eqs. 1 and 3 are also 
valid in Region 2, but the sum of q, and q,, denoted 
by q:, this time depends on X, owing to withdrawal 
of fluid through the wells in this region. Since all pro- 
ducing wells in the field are assumed to have the same 
gross production rate, g, decreases linearly with in- 
creasing 

At the end of the field (for ¥ = 1) g, = 0 and for 
X = X,, qd, must equal g. Therefore, in Regions 2 and 3, 


With Eqs. 1 and 3 this becomes in Region 2, 

(35) 


By means of this en Wwe can calculate the 
fractional water flow, f,,. The result is identical to that 
for Region 1, 


M 
( ) 


(8) 


df 
Therefore, al 
also f, = ds. 
Equality of the pressure gradients in water and oil 
phases again gives, 


The equation of continuity is more complicated in 
Region 2 than in Region 1 since we must take account 
of the fluid produced by the wells. We find that 


OS » Up 0 Uw 


is identical in both regions. 


; (36) 
F is the eee of the fluid flowing through the cross 
section at coordinate X, which is produced per unit 


time and unit length by the wells situated at coordi- 
nate X: 
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pe 


or with Eq. 34, 
1 
Substitution of Eqs. 6, 35 and 38 in Eq. 36 results in 


This differential equation governing ie saturation dis- 
tribution in Region 2 is comparable to Eq. 10, valid 
in Region 1. It is easy to see that for X¥ = Xi = fer Wi, 
both equations become identical. The solution of Eq. 
391s 


or 
lin : 
B 1 i 
(41) 


This identical to corresponding 
Eq. 17 for X = X, = Wi fa. 

Eq. 41 is valid between X, and X,., which still have 
to be determined. According to Eqs. 8 and 13 it follows 

MAS Sen) 


and 
MB 
= 1) (Sar 
Elimination of S,,, from these two equations results in 


For X = X, the water saturation is S., which is found 
from the same boundary conditions (Eq. 19) as used 
in the previous section. We now have to use the appro- 
priate equations valid for Region 2 instead. 

It is easily found that Eq. 24, 


= Siem + (24) 
is valid in Region 2 as well. 
Hence, using Eq. 40, we find 
with 
MB 
[B+ B(M — 1)S,,nF 
or 
_ MB 
Tee z (44) 


To recapitulate we give the complete saturation dis- 
tribution as follows. 


For 0 < X <X;: 
Sy = 
with 
For 
B \/MB 
Se 
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with 
Xx, W 


1 
fa = MB Cho 


[in 
B il MB 1 
with 


X,=1=— (1 W, fy) 
and 
MB 
foe = [B + V/B(M — 1)Sunl?. 
Bor <1: 


S, = 0. 


OIL PRODUCTION PERFORMANCE 
The cumulative oil production, N,:, of the total 
field is again given by 
1 


0 

Using the results of the previous section we find for 
the cumulative oil production as function of cumulative 
gross production: 


MB 
B 1 
(s.. Xe 1 fai y.(erf y. 
where M is oil-water viscosity ratio, 
1 
fet MB thi M(1 AY; 
MB 
W; 
MB’ 
xX, = W 


erf y = | e” da, 
oO 


W, is cumulative water injection in pore volumes, and 
N,: is cumulative oil production in pore volumes. 


O1L PRODUCTIONS OF SEPARATE WELLS 

In the following we will calculate the cumulative oil 
productions of the separate wells, both at the moment 
of water breakthrough and when the economic limit of 
the water cut is reached. _ 

In order to simplify the problem we have assumed 
that with respect to oil production performance our 
idealized field with an infinitely dense well spacing 1s 
representative of a real oil field with a regular well 
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pattern. If this approximation is permitted, we may use 
the same reasoning the other way round, i.e., in order 
to calculate the cumulative oil production of the sep- 
arate wells we may integrate the oil produced by a 
region of our theoretical model and allot the amounts 
to one well in the actual field. 


Suppose we have an oil field with 1 rows of wells 
between the water front and the crest, the well spacing 
being A. We want to know the amounts of oil produced 
assume that these amounts are equal to the amounts of 
oil produced between Ai — and di (i = 1, 2,...n) in— 
our theoretical model. During a certain time every well 
produces clean oil; this we call Period A. Afterwards a 


_well produces oil and water until the economic limit is 


reached (Period B). 
PERIOD A 


The total amount of fluid (oil) flowing through the 


cross section at coordinate X is gq, = q : = (see Eq. 
34). The amount of oil produced between X and 
X + dX during a time dt is — ee dX dt or = | dX 
dt. At the end of Period A, t= t,; X = X.; W, = W,.. 
According to Eq. 43, 
=X 1 (1 Wee ter) 


or 


} 1 1 
The cumulative oil production at the moment of 
water breakthrough obtained between X and X + dX 


expressed as a fraction of the total pore volume is 


1 


te Wic 
1 q q 
— dX dt = | ——_—__—_ dX dW, 
oO 

(see Eq. 14). 
After integration and using Eq. 46 it becomes 
~ In [2 xX: The cumulative oil production at water 
breakthrough obtained from well No..i is then 

Ni 

1 1 
—, — 
| 

or 

1 1 

— 


This amount of oil is expressed as a fraction of the 
pore volume of the total field.. However, it is more con- 
venient to express the production of the separate wells 
as a fraction of the pore volume corresponding to their 
allotted area. Therefore we must divide Eq. 46a by X, 
and so find for the cumulative oil production of well 
No. i at the moment of water breakthrough (Nj,): 


1 1 


or 
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Yi 

n 1 Vis 
= 


F(A, i 
(48) 
Views 
with 
1 
= in(1 + 
PERIOD B 


The wells produce oil and water during Period B. 
The economic limit marks the end of Period B, then 
total amount of an flowing through a cross section at 


X is gd: =@q bse Fr (see Eq. 34). Fraction F of the 


fluid, which is eae per unit length and per unit 


1 
(see Eq. 38). 


il 

The amount of oil produced between X and X + dX, 

and during time, dt, expressed as a fraction of pore vol- 
| 

ume of the total field, is OL 


-With Eqs. 6, 35, 38, and 41, this becomes 


1 
In 


1 


| dX dW, , 


now expressed as a fraction of the pore volume belong- 
ing to one well. Integration from water breakthrough to 
the moment when the economic limit is reached gives 


1 


The cumulative oil production of well No. i (after 
breakthrough) is 


il 1 — 
in(1 


(S1) 
‘ie oil of well No. i 
being the sum of Eqs. 47 and 51, 
with 


pe 1 1 il 


3) 


APPLICATION TO AN ACTUAL OIL FIELD 


In this section the theory developed is applied to an 
actual field. Eq. 45 presents a relation between the 
cumulative oil production and the cumulative gross 
production of the total field. 

The field is produced by a strong water drive. The 
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total productive area is 8.5 km’ and the net sand bulk 
volume is 220.8  10°m 

The field is shut-off at the crest by a fault; down 
structure there is a natural water front. The angle of 
dip is ca 6°. The formation consists of nearly uncon- 
solidated sand intersected by numerous thin layers of 
low permeability. A representative average porosity 
is assumed to be 35 per cent; the average permeability 
is several darcies. Crude viscosity at reservoir con- 
ditions is ca 250 cp. The formation water has a viscosity 
of 0.6 cp., making the viscosity ratio ca 400. The 
connate water saturation is estimated at 18 per cent. 
The following empirical relation between the cumu- 
lative oil production and the cumulative gross produc- 
tion of the field was found. 


a 


where N,, is cumulative oil production, W, is cumula- 
tive gross production, and a, #, and y are constants. 

Assuming that this formula remains valid at high 
water cuts, we may extrapolate the production per- 
formance according to this formula. The result of this 
extrapolation is presented in Fig. 9. The dashed line 
represents production data of the field expressed as a 
fraction of the oil originally in place (estimated at 
63.37 X 10°m’). The dotted black line is the extra- 
polation of the production data according to Eq. 54: 

N, = 0.141” log (W, — 0.12) + 0.225, 

In order to check the validity of this extrapolation, 
a scaled model experiment has been done in the semi- 
technical model simulating the field. The main part of 
this model consisted of a rectangular box (3.3 XK 1.5 X 
0.24m). Water can be injected through a manifold 
into the oil-saturated sand pack in the reservoir. Water 
and oil were produced through eight wells by means of 
proportioning pumps (Fig. 10). The permeability of the 
sand pack was 400 darcies; oil viscosity, 400 cp; water 
viscosity, 1 cp.; and injection rate, 1.9 X 10° cm’/cm’ 
sec. Production from the edge wells was half as great 
as that from the central wells. 

The production curve for this experiment is also 
given in Fig. 9. It is clear that there is good agreement 
between the results of the model experiment and the 
practical data as well as the extrapolation according to 
Eq. 54. 


We will now use these results to check the theory 
presented. The parameters of Eq. 45 have been given 
the following values: M = 400; f, = .99; S,, = .20; and 


A residual oil saturation of 20 per cent is assumed to 
be reasonable for a loose sand. The minimum water 
saturation, S,,,, is given the same value as was found 
to be valid for scaled model tube experiments in the 
previous section. Since the calculation work involved 
in using Eq. 45 is tedious and time consuming, it has 
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been programmed for a digital computer. The result of 
this computation, using the already-mentioned parameter 
values, is shown also in Fig. 9. We see that both the 
actual production performance (inclusive of extrapola- 
tion) and the result of the semi-technical model experi- 
ment correspond well with the behavior theoretically 
predicted. 

As a second application we shall calculate the cumu- 


lative oil productions of the separate wells at water-—— 


breakthrough and when the economic limit is reached 
for the same field. This is done by means of Eqs. 48 
and 52. The field is produced by (on an average) eight 
rows of wells. Hence, in Eqs. 48 and 52 we can put 
n = 8 and X =0.125. Using the same parameter values 


il 
= 0.1824, and D = 0.3833. Table 1 


sc 


as before we get 


gives the values for N;, and Nj,. 

From Eqs. 48 and 52 we deduce the two following 
important general rules: (1) the ratio of ultimate cumu- 
lative oil production to breakthrough cumulative oil 
production is the same for every well in the field, and 
(2) the ratio between the ultimate cumulative oil pro- 
ductions of two different wells in the field is identical 
to the ratio between their breakthrough cumulative oil 
productions. 

The data of Table 1 show that the first ratio is 2.1 
in the case of our field. However, since the theoretical 
value may be somewhat optimistic for the first stage of 
the production history, this figure is possibly on the 
low side. 

From Table 1 we also learn that the crest wells of 
the field will produce almost 50 times as much oil as 
the wells close to the water front. The field is in too 
early a production stage to check the results from 
Table 1 for the crest wells. It would be interesting, 
- however, to check theoretical predictions for the wells 
closer to the original water front. Unfortunately, at the 
moment of writing this paper, the data at the disposal 
of the authors were insufficient for doing so. . 


DISCUSSION OF THE INFLUENCE OF 
VARIATIONS IN THE VALUES OF 
THE PARAMETERS 


The question may arise concerning the effect of 
changes in the chosen values of the parameters. In 
practice large variations occur in the value of the oil- 
water visosity ratio. However, in a very early stage of 
the producing life of a field, the proper value will be 
available with sufficient accuracy. The residual oil satura- 
tion can be obtained from a floodpot test in which a 
low-viscosity oil is displaced by water until the residual 
saturation is reached. The influence of a chosen value of 
the residual saturation upon the production performance 
of high-viscosity oil fields is, moreover, very small. For 
instance, in the field case given we have assumed a 
residual saturation of 20 per cent. However, if we had 
taken values of 15 or 25 per cent, the effect upon the 
calculated productions would have been in the order of 
1 per cent. 

The water-cut value at the economic limit depends 
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TABLE 1—CUMULATIVE OIL PRODUCTION AT WATER BREAKTHOUGH, Nio, 
AND ULTIMATE CUMULATIVE OIL PRODUCTION, Niz, OF THE SEPARATE 
WELLS AS A FRACTION OF THEIR ALLOTTED PORE VOLUMES 


i f(X,i) Nib 
1 0648 .012 025 
2 2076 .038 080 
3 3755 .069 144 
4 576 105 221 
5 830 151 318 
6 .214 449 
7 1.693 .309 649 
8 3.079 -562 1.179 


on the specific circumstances of the oil field, which 
can be accurately calculated of the oil field, which can 
be accurately calculated if all data are available: 
Moreover, the value chosen is only important for the 
obtainable ultimate recovery of the field. The theo- 
retical production performance of the field turns out to 
be almost identical for a wide range of values of f,; the 
curve is only continued further (to higher recoveries) 
for higher values of f,. 

Determination of the minimum water saturation, 
Sim, Presents a greater difficulty. The physical meaning 
of this parameter is the saturation of the immobile 
water corresponding to the edge region of the water 
fingers. It is, however, reasonable to assume that this 
saturation is identical in oil fields and scaled model 
experiments. Very fortunately all scaled model experi- 
ments investigated so far could be described within the 
accuracy of measurement with a value of the minimum 
water saturation of 15 per cent. Also, the application 
of the method to the production performance of the 
actual field showed a good fit with the production data 
when S,,, was assumed to be 15 per cent. However, 
since the applicability of scaled model experiments on 
displacement processes in consolidated porous structures 
is somewhat questionable, there is a possibility that 
for those cases another value of S,,, must be chosen. 


CONCEUSIONS 


1. The theory presented describes the effect of vis- 
cous fingering on the production performance of the 
water-drive process with simple analytical equations. 

2. Production performance and pressure drops cal- 
culated according to the theory agree well with meas- 
urements in sand-filled tubes under scaled conditions. 

3. The theory developed allows predicting the pro- 
duction performance of a water-drive field with reg- 
ularly spaced wells. The only data which have to 
be known are the oil-water viscosity ratio, residual oil 
saturation, minimum water saturation, and the water- 
cut value at the economic limit of the wells. 

4, With this theory it is possible to calculate the 
cumulative oil productions of the separate wells as a 
function of their distance to the original water front, 
both at water breakthrough and at the economic limit. 


NOMENCLATURE 


M 1 Vist M 1 
for 
F = fraction of the flowing fluid produced per 
unit time and unit length 


fo = 4° — fractional water flow = water cut 
q 
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f, = value of the water cut at the economic 


qt 


So 
Siro 
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limit 

df 

value of f, at the economic limit 

value of f, at the moment of water break- 
through 

serial number of well; i=1.....n 

single-phase (specific) permeability 

length of formation in direction of flow 

cil-water viscosity ratio 

number of rows of wells 

cumulative oil production from well No. 7 
at the moment of water breakthrough 
expressed as a fraction of the pore vol- 
ume allotted to well No. i 

ultimate cumulative oil production of well 
No. i expressed as a fraction of the pore 
volume allotted to well No. i 

cumulative oil production (in pore volumes 
or oil in place) 

recovery at water breakthrough (in pore 
volumes) 


cumulative oil production of the total field 
expressed as a fraction of the total pore 
volume or oil in place 


cumulative oil production in pore volumes 
at the economic limit of the water cut 


cumulative water production (in pore vol- 
umes or oil in place) 


pressure in oil phase 

pressure in water phase 

capillary pressure difference 

pressure drop 

Apk 

water injection rate of the field 

amount of oil flowing through a unit cross 
section of the formation (per unit time) 

amount of water flowing through a unit 
cross section of the formation (per unit 
time) 

amount of fluid (oil + water) flowing 
through a unit cross section of the for- 
mation 

oil saturation 

water saturation 


= dimensionless pressure drop 


I] 


Il 


immobile water saturation (constant) 

immobile oil saturation = residual oil sat- 
uration (constant) 

critical water saturation (at the front) 
(constant) 

time 

moment when economic limit is reached 

moment of water breakthrough 

darcy single-phase flow velocity for oil 

darcy single-phase flow velocity for water 

speed of propagation of saturation, S.;v,. = 


dX 
w = 


cumulative gross production of the total] 
field expressed as a fraction of the total 


Sqdi 

oL 

distance from original water front 
dimensionless distance from original water 


x 
t 
front, L 


pore volume, W; = 


coordinate where S, = 1 — S,, 
coordinate where economic limit is reached 
highest value of X where water occurs 


1 


dimensionless well distance = real well dis- 
tance/L 


absolute viscosity of oil 
absolute viscosity of water 


porosity 
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A program of scaled flow model experiments has 
been undertaken to study the performance of five-spot 
water floods. The modeling procedures are discussed 
and the construction and operation of the flow models 
are described. The tests were specifically designed to 
investigate the effects of injection rate and of oil-to- 
“water viscosity ratio on oil recovery. The areal sweep 
of five-spot water floods was also studied, and direct 
comparisons between five-spot and linear flooding be- 
havior have been established to permit better utilization 
of core analysis results for purposes of field waterflood 
evaluations. 


INTRODUCTION 


For a long time reservoir engineering procedures 
have been confined to the consideration of idealized, 
one-dimensional or linear systems.”**’ However, direct 
application of the linear waterflood mechanism to the 
evaluation of actual field performance is justifiable only 
for the purposes of rough approximation. To obtain a 
realistic analysis of field behavior, it is necessary to 
account for reservoir geometry and well distribution, and 
to take into consideration the configuration of the flow 
of fluids between injection and producing wells. 

In the past it has been attempted to account for the 
complex nature of the fluid movement in the reservoir 
by associating each well pattern with a certain “sweep- 
efficiency constant’, e.g., a sweep efficiency of 72 per 
cent for the conventional five-spot pattern.’ More 
recently, methods of waterflood evaluation have been 
improved by the introduction of variable sweep-effi- 
ciency factors, defining the areal coverage as a function 
of cumulative water injection and viscosity or “mobility” 
ratio.*’ These variable sweep-efficiency factors, derived 
from miscible fluid displacement experiments, require 
the assumption of piston-like displacement of oil by 
water. This implies that only one fluid, either oil or 
water, is moving at any one point of the reservoir at 
any moment. Such an assumption, however, is incom- 
patible with the bulk of the experimental evidence and 
also theoretical considerations which indicate that usually 
in the area invaded by water, both oil and water are 
flowing in varying proportions, in accordance with the 
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office Sept. 25, 1956. Revised manuscript received April 8, 1958. 
Paper presented at Petroleum Branch Fall Meeting in Los Angeles, 
Calif., Oct. 14-17, 1956. 
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VOL, 213, 1958 


THE JERSEY PRODUCTION RESEARCH CO. 
TULSA, OKLA. 


relative permeability characteristics of the porous 
medium.”* 

Another recent approach toward the evaluation of 
five-spot flooding behavior involves correlations of the 
areal sweep efficiency (observed in immiscible fluid 
experiments) with a “mobility ratio,” based cn the con- 
sideration of the “average” relative permeability to the 
displacing fluid.“ Combination of these correlations with 
a modification of the Buckley-Leverett frontal-drive 
equation leads to-a computational procedure for pre- 
dicting the recovery performance of areal water floods. 
While of considerable interest, this approach has no 
complete theoretical justification and, therefore, does 
not entirely clarify the features of five-spot water floods. 


Rigorous, theoretical treatment of waterflood be- 
havior in two- or three-dimensional systems as encount- 
ered in the reservoir, including proper consideration of 
relative permeability and capillary-pressure functions, is 
as yet beyond the scope of analytical or computational 
methods. The behavior of such water floods can, how- 
ever, be studied by means of scaled flow model experi- 
ments, which is the approach followed in these investi- 
gations. The flow model experiments described in this 
paper simulate a uniform, horizontal formation of con- 
stant thickness with fully penetrating wells. The system 
under consideration is entirely liquid saturated and not 
influenced by compressibility effects, which is repre- 
sentative of the situation achieved after gas fill-up 
under practical conditions. Gravity segregation effects 
are assumed to be negligible, which implies a relatively 
thin reservoir formation and/or low vertical permeability. 


THEORETICAL CONSIDERATIONS 


For a flow system of uniform thickness with no 
appreciable effects of gravity segregation, the analysis 
of water-oil displacement can be confined to a two- 
dimensional treatment based on the consideration of a 
“slice” of unit thickness. Referring to previously estab- 
lished derivations,’ the displacement of oil by water in 
such a system can be described by the following, dimen- 
sionless equations: 


, 
ox oY (1) 
as 0S] 1 
os os 


Eq. 1 may be visualized as defining the components 
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of a dimensionless flux or velocity distribution function, 
U, and U,, in terms of the (dimensionless) coordinates 
and the saturation at any point of the flow system. Eq. 
2, then, defines the saturation at any point as a function 
of cumulative injection, W;. 

Eq. 2 indicates that areal flooding behavior depends 
specifically upon qg, the rate of injection per unit sand 
thickness. More generally, it is seen that the displace- 
ment of oil by water in a two-dimensional flow system 
is largely governed by the dimensionless group of para- 
meters, 


oV kb 
This group C., may be designated as the “capillary 
pressure coefficient” because its value defines the rela- 
tive importance of the capillary forces in the displace- 
ment of oil by water. It is seen that for a given value 
of C., all porous flow systems of given geometry, 
operated under similar boundary conditions, and char- 
acterized by the same oil-to-water viscosity ratio, and 
the same F, © and J-functions, will yield the same 
flooding behavior, i.e., the same relation between cumu- 
lative water injection and oil production. Thus, Group 
C, represents a scaling factor which can be used to 
relate the results of flow model experiments to field 
performance. The scaling factor, C,, represents an 
extension to two-dimensional flow systems of the scaling 
factor previously derived for linear systems, which may 
be expressed’ as C, = Lu kod. 

It will be noted that with increasing values of the 
scaling factor, C., the relative importance of the capil- 
lary-pressure term in Eq. 2 decreases and may eventually 
become negligible. For sufficiently high rates of injec- 
tion, or for scaling factors greater than a certain “crit- 
ical” value, the water-oil displacement (Eq. 2) can, 
therefore, be expected to reduce to the simplified form, 


os os os 

Under these conditions, the water-oil displacement is 
no longer influenced by capillary effects and is inde- 
pendent of rate of injection. Extending the terminology 


employed in previous studies on linear flow systems,’ 


two-dimensional water-oil displacements that are inde- 
pendent of rate may be qualified as “stabilized”. 


Another observation of considerable importance is 
that Eqs. 1 and 2 are obviously independent of the 
over-all dimensions of the flooded system.* Thus, it is 
inferred that the recovery performance of five-spot 
water floods is independent of well spacing. This does 
not imply that five-spot flooding performance, particu- 
larly as regards injectivity, is independent of the ratio 
of well diameter to well spacing. However, tests pre- 
liminary to these studies have indicated that variations 
in well diameter have little if any effect on recovery. 


In the light of these theoretical aspects of water-oil 
displacement, the experimental program was subdi- 
vided into two phases: (1) investigations of the effect 
of rate on five-spot flooding behavior and evaluation of 
the range of practical conditions under which stabilized 

flooding behavior can be expected, and (2) studies of 
the recovery performance of stabilized five-spot water 
floods at various oil-to-water viscosity ratios and com- 
parisons of linear waterflood performance with that of 


*In this connection it may be noted that the scaling factor, C2, 
derived by mathematical analysis is independent of dimensions, i.e., 
of the distance between wells, and thereby differs from the one 
proposed in Ref. 8, 


114 


stabilized five-spot water floods. In general, the approacn 
followed consisted of attempting the simulation of 
representative field conditions, rather than scaling spe- 
cific reservoir cases. 


EQUIPMENT AND PROCEDURES 


DESCRIPTION OF FLOW MODEL 

In order to obtain an areal flow model suitable for 
the present studies, an unconsolidated porous medium 
was packed in a chrome-plated steel box having inside 
dimensions of 32 X 16 X 2 in. (see Fig. 1). A trans- 
parent Lucite cover plate and the use of colored fluids 
permitted observation of the movement of the oil-water 
interface. A flexible copper sheet, sealed against the 
bottom plate of the model framework and inflated to 
about 100 psi, compacted the powders forming the 
porous medium of the model. Appropriate reinforce- 
ments in the model framework absorbed the stresses 
imposed by compaction pressure. 

The model contains 19 fully penetrating wells (fine- 
mesh, nickel screen liners % in. in diameter), arranged 
to allow the selection of various flood patterns and to 
facilitate auxiliary operations such as saturation, flush- 
ing, and cleaning of the model. Teflon O-rings seal the 
liners to plastic wellheads on the top plate of the model. 


The linear-flow system used in conjunction with the 
model was a flooding cell of Lucite tubing of 3.8-cm ID, 
and an effective length of 30.7 cm. Brass pistons inserted 
at each end of the tube and sealed by Teflon O-rings 
compacted the powders contained in the flooding cell. 
A network of grooves machined on the face of the 
compaction pistons insured evenly distributed flow 
over the cross section of the flooding cell. Particular 
precautions were taken to have identical porous media 
in the linear cell and the areal model, and also to 
ensure that the wettability characteristics of both sys- 
tems remained unchanged throughout the tests. 


PROPERTIES OF Porous MEDIA 
AND FLUID SYSTEMS 


The porous medium used in the model and linear 
flooding cell for the bulk of the studies consisted of a 
packing of graded glass beads, 120 microns in diameter, 
rendered preferentially oil-wet by dri-film treatment. Use 
of graded powders was found desirable to prevent 
segregation of particles during the packing, thus avoid- 
ing formation of heterogeneities in the flow systems. 


Application of dri-film was found to produce stable, 


oleophyllic surface characteristics, permitting preserva- 


Fic. 1—Areat Monet. 
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tion of the same flow properties throughout the test 
program. 

The porosity of the glass-bead packing was 39 per 
cent and the specific permeability to oil, about 11.4 
darcies. The relative permeability characteristics of this 
packing (determined under dynamic, steady-state con- 
ditions and rechecked by computation from waterflood 
experiments”) are presented in Fig. 2. The J-curve, 
obtained from capillary displacement of oil by water, is 
included in Fig. 7. 

Some of the results presented for purposes of com- 
parison were obtained with a model packing of 200/230- 
mesh Alundum powder. This powder, of 70-micron 
average particle size, yielded a packing of 50 per cent 
porosity and 7,500-md permeability. 

All the flooding experiments were performed in the 
absence of connate water. The fluids employed were 
solutions of sugar and chromium-potassium-sulfate 
(chrome alum) in distilled water to represent the 
aqueous phase, and various refined white oils varying 
in viscosity from 1 to 120 cp. The sugar was added to 
adjust the water viscosity (and hence the “viscosity 
level”) of the fluid system, and the chrome alum was 
the color agent permitting observation of the oil-water 
displacement. All the oils were checked for contami- 
nants (polar compounds) which, if present, could alter 
the surface properties of the porous medium and pro- 
duce fluctuations in the values of interfacial tension 
throughout the test program. Fluid contamination was 
checked by interfacial tension measurements before and 
after filtering the fluids through activated alumina. 
Interfacial tension measurements were also conducted 
on the effluents from the flow systems during the flood- 
ing experiments. In all cases the interfacial tension of 
the various fluid systems was 43 + 1 dyne/cm. 


PROCEDURES 
Throughout most of the studies the flow model was 
used to represent one-half of a five-spot element, and 
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in some experiments two complete five-spot units were 
simulated. Each flooding test was conducted at a con- 
stant rate of injection. A combination of Moore null- 
matic pressure controllers and differential flow regu- 
lators was used to adjust and maintain injection rates 
within + 5 per cent of any pre-set value. All tests were 
conducted in a thermostatically controlled room at 
23 + 0.2° C. Produced effluents were taken to oil-water 
separators which, in turn, overflowed into graduated 
cylinders. The accuracy of the volumetric oil and water 
production measurements obtained in this manner is 
estimated to be + 1 per cent of pore volume. 


At the completion of each flood the flow system was 
flushed with several pore volumes of pure heptane and 
then with distilled water to remove the sugar and 
chrome alum solution. The flow system was then dried 
with compressed air or nitrogen in preparation for the 
next test. 


RESULTS AND DISCUSSION 


The flooding experiments in the flow model and in 
the linear cell were conducted at oil-water viscosity 
ratios ranging from 0.1:1 to 95:1. In each case the 
fluid system employed in the linear cell was the same 
as in the flow model. A summary of the fluid character- 
istics, rates of injection, and values of scaling factor 
characterizing the flooding experiments in the flow 
model packed with glass beads is presented in Table 1. 
For the sake of convenience, the rates of injection in 
this table, as well as in Figs. 3 through 6, are expressed 
in usual “field units” namely, B/D/ft of sand thickness 
(per well). In order to permit correlation of the present 
results with those of previous investigations,””* the 
values of mobility ratio corresponding to each of the 
viscosity ratios employed, and calculated on the basis 
proposed by Craig, et al,* are also listed in Table 1. 


EFFECT OF RATE ON FIVE-SPOT 
FLOODING BEHAVIOR 

Series of tests employing different porous media and 
oil-to-water viscosity ratios were conducted in the flow 
model to investigate the effect of injection rate on five- 


spot flooding behavior. The test results performed in the 


200/230-mesh Alundum powder packing at an oil- 
water viscosity ratio of 0.9:1 are presented in Fig. 3. 
For low values of injection rate, from 1.75 to 22.0 
B/D/ft, oil recoveries and flooding efficiency are seen 
to be markedly influenced by injection rate, increasing 
with increasing rates of injection. However, the effect 
of rate on flooding performance becomes less pro- 


TABLE 1—SUMMARY OF FIVE-SPOT WATERFLOOD TESTS 
(Glass-Bead Packing) 


Injection 
Injection rate per ft 
rate into sand Scaling 
Oil-water model thickness factor* 
viscosity Water Mobility (for half (for full quo 

ratio viscosity ratio five-spot) five-spot) —— 

(fractional) (cp) (fractional) (¢c/min) (B/D/ft) a V 
0.1 84.00 18.2 35.0 3.85 1.14 x 1073 
1.0 8.22 1.0 0.11 3.12 10-4 
1.0 8.60 24K) 10.6 1.17 3.47 x 10-3 
1.0 8.20 2.9 120.0 13.20 3.78) Xo Ow 
1.0 8.17 2.9 120.0 13.20 3.73: x 10=* 
5.4 7.60 1.0 80.0 8.80 2.31 
5.4 7.90 1.0 78.0 8.60 2.45 X 10-* 
5.4 7.90 1.0 12.0 1.32 3.61 Xx 10-3 
5.4 7.90 1.0 27.0 2.97 8.11 x 10-3 
15.7 0.64 150.0 16,50 6.39 X 10-8 
15.7 V3 0.64 170.0 18.70 7.30; X°10-2 
40.0 1.11 0.52 110.0 12.10 4.64 X 10-3 
40.0 1.10 0.52 90.0 9.90 3:42. X 1058 
40.0 0.52 75.0 8.25 3.17 
95.0 1.10 0.40 90.0 9.90 3.76 X 10-3 
*These values of scaling factor are obtained by expressing q in B/D/ft 


(per well), fw in cp, o in dyne/cm, k in md, and ¢, fractional. 
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nounced with increasing rates and is eventually neg- 
ligible for sufficiently high rates of injection. Identical 
results are obtained in the floods conducted at rates 
of injection of 22 and 38 B/D/ft, indicating that the 
five-spot flooding behavior in this porous medium be- 
comes independent of rate, or stabilized, for rates of in- 
jection in excess of 22 B/D/ft. Thus, the critical value 


of the scaling factor, qu../a0\/ kd, is equal to (or slightly 
less than) 7.4 X 10°.* 

The results of similar rate tests, conducted at an 
oil-water viscosity ratio of about 1:1 in the glass-bead 
packing, are presented in Fig. 4. It will be noted that 
the results presented in Fig. 4 were obtained using a 
high viscosity fluid system, corresponding to a water 
viscosity of 8.6 cp. Thus, stabilization is obtained 
at much lower rates (1.17 B/D/ft) than with the low 
viscosity fluid system employed in the 200/230-mesh 
Alundum powder packing (Fig. 3). However, the value 
of the scaling factor required to attain stabilized five- 
spot flooding behavior in the glass-bead packing is seen 
to be of the same order of magnitude as that required 
for the Alundum powder (3.5 X 10°). 

Several tests were conducted to investigate the effect 
of injection rate on flooding behavior at higher viscosity 
ratios. Fig. 5 shows the flooding curves obtained for an 
oil-water viscosity ratio of 18:1 in the 200/230-mesh 
Alundum at injection rates of 6 and 18 B/D/ft. Since 
identical results were obtained at both rates, it is con- 
cluded that stabilized flooding behavior is obtained at 
this viscosity ratio for rates in excess of 6 B/D/ft, i.e., 
for values of scaling factor higher than 2 X 10°. The 
results of water floods at two different rates in the 
glass-bead packing for an oil-water viscosity ratio of 
40:1 are shown in Fig. 6. Here, stabilized fiooding is 
seen to be insured for rates in excess of 8.25 B/D/ft or 
for values of scaling factor greater than 3.2 X 10°. 


The described data confirm that stabilized five-spot 
flooding behavior, anticipated on a theoretical basis, is 
actually observed for finite, relatively small values of 
the scaling factor. An additional finding is that for a 
given porous medium the critical value of scaling factor 
required to reach stabilized flooding behavior appears 
to decrease with increasing oil-water viscosity ratios 
(as could be generally expected from theoretical con- 
siderations). 


In a rigorous sense the critical values of five-spot 
scaling coefficient derived from the present model experi- 
ments are applicable only to porous media possessing 
the same J-function as the materials used in this study. 
However, an extension of the present results to a wider 
range of porous media appears justifiable. To this effect 


*As in Table 1, this value of scaling factor is obtained by ex- 
pressing q in B/D/ft, uw in ep, o in dyne/em, and f, fractional. 
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it will be noted from Eq. 2 that the relative importance 
of capillary forces in the displacement of oil by water 
is proportional to the derivative or slope, J’, of the 
J-function. For purposes of first approximation, then, 
it may be considered that the critical values of scaling 
coefficient required to achieve stabilized flooding be- 
havior increase also in direct proportion to the deriva- 
tive of the J-function. For purposes of illustration, the 
J-function and its derivative applying to the glass-bead 
packing, together with the J- and J’-functions applying 
to various natural core materials, are presented in Figs. 
7 and 8. As can be seen (Fig. 8), the J-function deriva- 
tives for a number of reservoir materials are less than 
five times greater than the J-function derivative char- 
acterizing the glass-bead model packing. This finding, 
then, indicates that for many natural reservoir materials, 
the critical value of scaling coefficient can be expected 
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‘to be smaller than 1.75 < 107 (i.e., smaller than 


The flow model results regarding the stabilization of 
five-spot water floods gain particular significance if con- 
sidered in the light of. practical field conditions. For 
example, in formations of about 20 per cent porosity 
and 100-md effective permeability, the rates of inject- 
tion usually maintained during a flooding operation are 
of the order of 10 B/D/ft of sand thickness. Assuming 
a water viscosity of 0.9 cp and an oil-water interfacial 
tension of 32 dyne/cm, the given conditions corre- 
spond to a scaling coefficient of 6.3 < 10°. This value 
is considerably greater than the critical values of scaling 
coefficient derived from the results of the flow model 
experiments and from consideration of the J-curves 
applying to various natural reservoir materials. Thus, 
it can be inferred that five-spot water floods under field 
conditions are likely to be stabilized and that (aside 
from effects of gas compressibility) field waterflood 
recoveries are independent of rate of injection. This 
important conclusion should be supplemented by theo- 
retical considerations, based on Eq. 2, which indicate 
that five-spot flooding behavior is also independent of 
well spacing. 

In order to qualify these statements properly, it is 
stressed that they imply consideration of homogeneous 
porous formations of relatively small thickness and/or 
low vertical permeability. With-reference to such for- 
mations, flow model experiments are most likely to be 
representative of field performance if conducted under 
conditions simulating stabilized flooding behavior. Such 
conditions were insured in all the tests described here- 
after that were carried out to investigate areal coverage, 
effects of viscosity ratio, and correlations between five- 
spot and linear flooding behavior. 


AREAL COVERAGE 

Visual observation of the waterflood sweep in the 
flow model was made possible by the chrome alum 
which gave a deep blue shade to the area invaded by 
the flood water. As reported by other investigators, 
the water-invaded zone was found to be radial during 
the initial flooding stages, then stretched into a squared- 
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off pattern, and finally developed a cusp toward the 
producing wells.”* With increasing oil-to-water viscosity 
ratios this cusp became more pronounced and began to 
form at an earlier flooding stage, resulting in an over- 


_all decrease of areal coverage at the moment of water 


breakthrough. 

The observed relationship between areal coverage at 
water breakthrough and oil-to-water viscosity ratio is 
presented in Fig. 9. For purposes of comparison, Fig. 9 
includes also the correlation between areal coverage 
and mobility ratio obtained by Dyes, et al’ (in immisci- 
ble fluid displacements), together with a replot of the 
present data on the basis of the “average” mobility ratio 
as defined by Craig, et al’. As may be seen, the present 
data follow fairly closely (but do not coincide with) 
the general trend of the earlier results.”* 


An additional observation of particular interest per- 
tains to the growth of the water-invaded zone after the 
moment of water breakthrough. This growth was found 
to be quite rapid, even in the floods involving high vis- 
cosity oils. Complete coverage of the five-spot area by 
the invading water was observed in all cases, occuring 
after injection of about 1 pore volume in the floods of 
low viscosity oil and after injection of 2 to 3 pore vol- 
umes in the floods involving highly viscous oils. 

The visual examination of the fluid movement in the 
model also revealed some of the more detailed aspects 
of the flood pattern development. At low oil-to-water 
viscosity ratios (below a value of about 15:1), the 
water-invaded zone in the porous body was delineated 
by a sharp, smooth front, behind which the water ap- 
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peared to be very finely and uniformly distributed. With 
increasing oil-to-water viscosity ratios, the advancing 
water front became somewhat less defined, exhibiting 
local fingering. Concurrently, the water-invaded zone 
gained a less uniform, more filigreed appearance with 
a detectable gradation of shading and density from the 
front back to the injection well, indicating higher water 
saturations in the vicinity of the injection well. In all 
cases, however, the individual stringers or water fila- 
ments within the water-invaded zone were found to 
grow quite rapidly into a continuous, fairly uniform 
body, after injection of about 1 pore volume of water. 


COMPARISON OF FIVE-SPOT AND LINEAR 
WATERFLOOD PERFORMANCE 


Detailed investigations of stabilized flooding behavior 
in the five-spot flow model and in the linear flow system 
were conducted using the dri-filmed glass-bead packing. 
The relationships between oil recovery and cumulative 
injection for different oil-water viscosity ratios are pre- 
sented in Fig. 10. In this figure, the dashed lines repre- 
sent the linear flooding curves while the solid lines are 
those of the five-spot system. For each of these systems 
the oil recovery at water breakthrough is seen to de- 
crease rapidly with increasing viscosity ratio, and, in 
general, increasing amounts of water are required to 
reach any given recovery as the viscosity ratio increases. 
However, the trend of the curves in Fig. 10 suggests 
that the ultimate waterflood oil recovery is independent 
of the viscosity ratio. These results are consistent with 
the theory of stabilized, (linear) water floods. 


The curves of Fig. 10 reveal the effects of geometry 
on flooding behavior. For a given oil-to-water viscosity 
ratio the oil recovery at water breakthrough is always 
higher in the linear floods than in the five-spot, and 
the spread between the recoveries at water breakthrough 
for the two systems increases with increasing viscosity 
ratios. However, after the moment of water break- 
through, the five-spot flooding curves exhibit in each 
case a steady rise, and the recovery obtained from the 
five-spot becomes equal to and, subsequently, even 
_ Slightly greater than that of the corresponding linear 
flood. The trends derived from these findings are sup- 
ported by the observations of sweep efficiency. The 
lower oil recoveries at water breakthrough in the five- 
spot are, of course, due to the fact that only a portion 
of the total reservoir area is covered by the flood water 
at the moment of water breakthrough (Fig. 9). The 
subsequent rapid increase of the five-spot recoveries is 
consistent with the observation of fast growth of areal 
coverage after the moment of water breakthrough. Fi- 
nally, the general trend toward the same ultimate re- 
covery for both the five-spot and the linear flow sys- 
tems is in agreement with the observation of complete 
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areal coverage (achieved in the flow model in all cases) 
after injection of a few pore volumes. 

An unexpected finding, for which no explanation 
seems available at present, is the cross-over of the five- 
spot and linear flooding curves. The cumulative injec- 
tion required to reach the point of intersection is seen 
to increase systematically with increasing oil-water vis- 
cosity ratios. In Fig. 10 this intersection is clearly ob- 
served at three different viscosity ratios (1:1, 5.4:1, 
and 15.7:1), and it is likely that a similar phenomenon 
would have occurred at the higher viscosity ratios if 
greater amounts of water had been injected. The possi- 
bility that the cross-over of the linear and five-spot flood- 
ing curves might be a result of insufficiently controlled 
experimentation was investigated by means of addi- 
tional tests on a different packing (400-mesh Alundum 
powder), and also: by conducting linear water floods 
(simulated by an elongated line drive) in the areal flow 
model. The results of these tests confirmed the cross- 
over of the areal and linear waterflood curves, thereby 
stressing further the high flooding efficiency of the 
five-spot. 

The data obtained from the present study provide a 
convenient means for evaluating other approaches pro- 
posed in the literature for correlating linear and five- 
spot flooding behavior. It appeared of particular inter- 
est to compare the experimental five-spot flooding curves 
of the glass-bead packing with those calculated on the 
basis of relative permeability data (Fig. 2) in accord- 
ance with the procedure and the areal coverage corre- 
lations proposed by Craig, et al. This comparison is 
shown in Fig. 11. As may be seen, there is no good 
agreement nor even a systematic, correlative trend be- 
tween the calculated and the experimental five-spot 
flooding curves. A detailed discussion of this discrep- 
ancy is beyond the scope of this paper. However, it 
may be recalled that the calculation procedure® implies 
two (arbitrary) assumptions. On one hand, it is assumed 
that the mobility of the water-invaded region can be de- 
termined by considering the relative permeability to 
water associated with the average water saturation, 
while in reality the mobility at any point of the swept 
region is the sum of both the oil and the water mo- 
bilities. On the other hand, the computational method 
implies that for a given cumulative injection the av- 
erage saturation of the swept region is the same in the 
five-spot as in a linear system. In an effort to clarify this 
assumption the average water saturation of the water- 
invaded area in the five-spot and in the linear system at 
the moment of water breakthrough (obtained by com- 
bining Figs. 9 and 10) has been plotted in Fig. 12 as 
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a function of the oil-water viscosity ratio. The observed 
separation between the two curves of Fig. 12 indicates 
that generally the average saturation of the water-in- 
vaded area in the five-spot is different from, and not 
directly related to, the average saturation existing in 
the linear system at the same flooding stage. This ob- 
servation suggests that the areal sweep at successive 
flooding stages cannot be used as a direct factor of 
proportionality in correlating linear and five-spot flood- 
ing performance. A further deterrent to such a scheme 
is the fact that recoveries in the five-spot become higher 
than in the linear floods (Fig. 10); this phenomenon 
could not possibly be accounted for by using an areal 
coverage factor which is necessarily less than (or equal 
to) unity. 

In attempting to make practical use of the direct 
comparison of linear and five-spot flooding behavior, it 
will be kept in mind that the flooding curves in Fig. 10 
are not representative of porous media having relative 
permeability characteristics different from those of the 
unconsolidated medium used in these model studies. 
However, the correlative trends indicated by these curves 
may be used as a guide for approximating five-spot 
flooding performance on the basis of linear (laboratory) 
flooding results. For this purpose it is convenient to ex- 
press the five-spot recoveries at various oil-to-water 
viscosity ratios as a fraction of the corresponding linear 
flood recoveries, as illustrated in Fig. 13. Of the various 
“correlation” or “correction curves” shown in Fig. 13, 
the particular one to be employed for a given five-spot 
waterflood prediction can then be selected by seeking 
the viscosity ratio that corresponds to the best match 
between one of the linear flooding curves of the model 
material and the linear flooding performance of the core 
material under consideration. 


CONCLUSIONS 

1. The performance of areal, five-spot array water 
floods has been studied in a program of scaled flow 
model experiments. All the areal and associated linear 
flooding experiments were conducted in homogeneous, 
preferentially oil-wet porous media, in the absence of 
free gas and under conditions where gravity effects are 
negligible. 

2. The study of the effect of injection rate on oil re- 
covery in five-spot water floods has shown that for 
sufficiently high rates, as usually encountered under 
field conditions, the flooding behavior (in sufficiently 
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homogeneous systems) can be expected to be rate-inde- 
pendent or stabilized. 

3. It has been confirmed that the sweep of five-spot 
water floods does not remain confined to a portion of 
the reservoir area and that complete areal coverage is 
achieved in all cases after injection of 1 to 2.5 pore 
volumes of water. 

4. The recovery performance of stabilized five-spot 
water floods, studied over a wide range of oil-to-water 
viscosity ratios, has been compared with that of linear 
floods. The linear floods always yield a greater recovery 
at the moment of water breakthrough; however, after 
water breakthrough the recovery of the five-spot floods 
soon reach and even slightly surpass that of the linear 
system. 

5. It was not possible to derive a simple relationship 
between areal sweep and recovery performance of five- 
spot water floods. However, direct correlations have 
been established between the recovery performance of 
linear and five-spot water floods. These correlations 
are suggested as a tool for rapid approximate evalua- 
tions. 


NOMENCLATURE 


Subscripts o and w pertain to oil and water, re- 
spectively. 
S = water saturation, dimensionless 
fraction 
x,y,z = spatial coordinates, cm 
t = time, sec 
. L=principal dimension, size of 
five-spot, cm 
X = x/L 
Y=y/L 
W,=cumulative water injection, 
pore volume 
q = rate of water injection per unit 
sand thickness, cc/cm/sec 


= dimensionless space coordinates 
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hill 

Ht 

il 
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¢ = porosity, dimensionless fraction 
= specific permeability, darcies 
co = water-oil interfacial tension, 
dyne/cm 
[lor = viscosities of oil and water, cp 
C = [t,/[lw = Oil-water viscosity ratio 
u =u, + u, = total, two-phase unit flux, rate 
of flow per unit cross-sec- 
tional area, cc/sm’/sec 


> 


velocity distribution function, 


SI 
II 
| 


dimensionless 

U,, U, = components along axes of co- 
ordinates of velocity distri- 
bution function, dimension- 
less 

k,) Krw = Yelative permeabilities to oil 
and water, dimensionless 
functions of saturation 


-1 
k= E + Kero a = dimensionless function of satu- 
Krw po ration 
dF 
F’ = —~ = derivative of ¢ with respect to 
ds saturation 


wv = k,, F = dimensionless function of satu- 
ration 


= capillary retention function, 
dimensionless function of 
saturation 
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10. 


dJ 
J’(S) = —~ = derivative of J with respect to 
saturation, dimensionless 
function of saturation 
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A Laboratory Study of Laminar and Turbulent Flow 
in Heterogeneous Porosity Limestones 


E.R 


Reservoir performance predictions 
based on laboratory core test data 


assume that fluid flow is laminar for: 


the laboratory test. A study has been 
‘made to determine the validity of 
this assumption for laboratory tests 
on various types of porosity found 
in producing limestone formations. 

Data are presented which show 
that turbulence and slippage can oc- 
cur during laboratory tests on hetero- 
geneous-type porosity limestones, 
thus causing serious errors in measu- 
red single-phase permeabilities and 
two-phase relative permeability 
characteristics. In single-phase flow 
tests it is possible to eliminate turbu- 
lence and correct fer slippage or to 
eliminate both factors by controlling 
test conditions. It is not always pos- 
sible to control test conditions and 
thereby eliminate turbulence and 
slippage in two-phase flow tests. A 
correction method is presented which 
can be used to culculate the true two- 
phase laminar flow relative permea- 
bility characteristic even though tur- 
bulence and slippage exist. 


INTRODUCTION 


It is customary to make use of 
Darcy’s law and modifications of this 
law, together with laboratory data on 
formation core samples to predict the 
performance of producing reservoirs. 
Such predictions are based on an as- 
sumption that fluid flow is in the 
laminar or streamline region for the 
laboratory test. 

It was the purpose of this inves- 
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tigation to determine the extent to 
which turbulent flow may occur in 
laboratory fluid flow tests on hetero- 
geneous porosity limestones. Consid- 
ering that turbulent flow conditions 
might exist in some laboratory fluid 
flow tests, additional emphasis was 
placed on the development of a 
method to correct for turbulence 
when laminar flow conditions could 
not be attained. 


FLUID FLOW CONCEPTS FOR 
POROUS MEDIA 


THE INFLUENCE OF PORE 
GEOMETRY ON FLUID FLOW 


One of the more important fac- 
tors influencing fluid flow in porous 
media is the geometry of the pore 
space which includes such character- 
istics of the pores as size, shape, dis- 
tribution, roughness, uniformity, etc. 
In general, oil- and gas-producing 
formations can be divided into two 
broad types on the basis of pore 
geometry. One has been called sand- 
stone-type porosity media, which is 


characterized by a small range in > 


pore size, uniformity in shape of the 
pores, smooth pore surfaces and a 
regular and uniform distribution of 
pores. The other type has been called 
heterogeneous porosity media and is 


usually limited to the dolomites and . 


limestones. This type is characterized 
by a wide variation in the size, shape, 
and distribution of the pores and 
rough, irregular pore surfaces. It is 


therefore apparent that conditions. 


are much more favorable for turbu- 
lent flow* in heterogeneous-type por- 
osity media than in sandstone-type 
porosity media. 


*For simplicity, the words ‘‘turbulent’”’ and 
“turbulence” will henceforth be used to mean 
flow which does not obey the laminar flow 
equations. 


PAN AMERICAN PETROLEUM CORP. 


INTERRELATIONSHIP BETWEEN 
TURBULENCE AND GAS SLIPPAGE 


In studying the problem of turbu- 
lent flow in laboratory tests on por- 
ous media, it is necessary to be aware 
of the interrelationship between slip- 
page and turbulence for gas flow. As 

~a result of slippage or the Klinken- 
berg effect’, apparent permeabilities 
to gas are greater than the true value 
because there is no stationary layer 
of gas in contact with the walls of 
the flow channels. Gas slippage de- 
creases as the mean free path of the 
gas molecules decreases. Since the 
mean free path of any gas decreases 
with increasing density, increases in 
static pressure result in lower ap- 
parent gas permeabilities. However, 
a reduction in gas permeability can 
also be due to turbulence. Therefore, 
in studying only turbulent flow in 
porous media, it is necessary to hold 
gas density, and slippage, constant or 
to. reduce slippage to a negligible 
value by operating at high static pres- 
sures. 


PRESENTATION OF LAMINAR AND 
TURBULENT FLow DATA 


A graphical relationship between 
permeability and a pseudo-Reynolds 
number, N,, will be used to show 
the two types of fluid flow, i.e., lami- 
nar and turbulent. The usual gra- 
phical method for such a description 
has been the use of friction factor- 
Reynolds number charts’. On such a 
logarithmic diagram, the laminar re- 
gion apnears as a straight line having 
a slope of 45 degrees. As the fric- 
tion factor decreases and the Rey- 
nolds number increases, the turbulent 
region is reached and appears as a 
deviation from the 45-degree slope 
line. However, in petroleum engi- 
neering literature resistance of por- 


8References given at end of paper. 
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ous Media 1s expressed in either darcy 
or millidarcy units; therefore, a re- 
lationship involving permeability 
seems more desirable. The pseudo- 
Reynolds number, which will be used 
with permeability to differentiate be- 
tween laminar and turbulent flow, is 
simply the linear velocity times den- 
sity divided by viscosity. It will be 
noted that a diameter term is ab- 
sent from the general form of the 
Reynolds number equation, but this 
does not invalidate its use to study 
turbulence in porous media. It does 
mean, however, that no comparison 
can be made between different cores. 
In the graphical presentations, lami- 
nar flow is indicated when the ob- 
served permeability does not change 
for varying values of N,. When tur- 
bulence begins to affect flow, the ob- 
served permeability decreases as N, 
increases. 


APPARATUS AND PROCEDURE 


The apparatus used for ‘the flow 
tests on heterogeneous-type porosity 
core samples has been described in 
a previous publication’. The test 
fluids used were dry, pure gases and 
a relatively pure hydrocarbon liquid 
in the range of Cy to C, having a 
viscosity and density of approxi- 
mately 1.3 cp and 0.75 gm/cc, re- 
spectively. The gases used were car- 
bon dioxide, nitrogen, air and he- 
lium. 

Tables 1 and 2 present the phys- 
ical characteristics of eight core sam- 
ples used in this study. The test re- 
sults on these samples are charac- 
teristic of the results obtained on a 
total of 21 samples tested. 

Two separate procedures -were 
used for the tests on the heterogene- 
ous porosity-type cores. For the sin- 
gle-phase flow tests, the pore space 
of each sample was completely filled 
with air, and permeabilities were de- 
termined at various values of pres- 
sure differential under a condition of 
constant arithmetic mean pressure. 
The one exception were the tests on 
Sample 1 where the single-phase per- 
meabilities were determined using 
both air and C,-C,. For the two- 
phase flow tests, a number of exter- 
nal gas drives were performed on 
each sample (see Table 2). For each 
test, gas was injected at constant 
pressure into the 100 per cent oil- 
saturated core, and gas and oil were 
produced at constant downstream 
pressure. Cumulative volumes of gas 
and oil were recorded vs cumulative 
time. 
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TABLE 1 — SINGLE-PHASE FLOW DATA IN HETEROGENEOUS POROSITY LIMESTONES 


(Fig. 1) 
Cross- Diff. Mean 
Test sectional Laminar pressure pressureMaximum 

Core fluid Length area, Porosity permeability range, (atm test 
Formation No. Cio—Ciz (cm) (cm?) (per cent) (md) (atm) abs) (Np) 
Panhandle oolitic 1 Air 12.6 61 11 22 .01-0.8 4, 1 
Strawn reef 2 Air 24.0 62 12 390 0.001-0.07 7.7 12 
Cordova outcrop 3 Air 25.0 56 26 35 0.03-6.6 1.5-4.3 25 
Canyon reef 4 Air 12.4 62 13 30 0.005-1.0 7.8 36 
Devonian chert 5 Air 13.5 60 31 10 0.005-1.0 7.8 5 
Pennsylvanian reef 6 Air 26.0 56 19 200 0.005-0.5 7.7 32 


TABLE 2 —- TWO-PHASE FLOW TEST DATA, HETEROGENEOUS POROSITY LIMESTONES 


Pressure Outlet Specific gas Specific oil 

Core Run Gas drop Pressure permeability permeability 
Formation No. No. used (atm) (atm abs) (md) (md 
Wolfcamp Limestone 7h 1 Air 0.16 113.0 215 720 
2 CO2 0.16 1.0 362 720 
3 Air 0.16 1.0 448 720 
Porosity = 26 per cent 4 He 0.16 1.0 670 720 
Permeability = 725 md 5 He 0.08 1.0 700 720 
6 He 0.08 0.50 725 720 
Palo Pinto Reef 8 1 No 1.0 13.0- 21 39 
2 COz 1.0 1.0 29 39 
3 Air 1.0 1.0 33 39 
4 He 1.0 1.0 42 39 
Porosity = 14 per cent a He 1.0 0.5 46 39 
Permeability = 39 md 6 He 1.0 0.07 — 39 


METHODS OF CALCULATION 


The calculation procedure used for 
the single-phase flow permeabilities 
was the standard procedure described 
in API Code No. 27. For the two- 
phase flow tests, which were exter- 
nal gas drives, gas permeability at 
average gas saturation was calculated 
from the instantaneous gas velocity 
at arithmetic average pressure. The 
gas velocity was calculated from the 
slope of the cumulative gas volume 
vs cumulative time curve. Gas per- 
meabilities calculated in this manner 
for sandstones have been compared 
to those obtained by the Penn. State 
steady-state method. This comparison 
leads to the conclusion that gas per- 
meabilities calculated from external 
gas-drive data give a valid represen- 
tation of the relation between gas 
permeability and gas saturation. The 
oil permeabilities were calculated 
from the gas permeability and k,/k, 
as calculated by the Welge method’. 


The pseudo-Reynolds number, N,, 
which is equal to Vp/u, was deter- 
mined at arithmetic mean pressure 
from the fluid velocity, V, in centi- 
meters per second (i.e., volumetric 
flow rate divided by the product of 
cross-sectional area, fractional por- 
osity, and fractional saturation) and 
the fluid density, p, in grams per 
cubic centimeter, and viscosity, pw, in 
poises. The units of this pseudo-Rey- 
nolds number are reciprocal centi- 
meters. 


RESULTS AND DISCUSSION 


SINGLE-PHASE FLow TEsTs 
THE FREQUENCY AND MAGNITUDE 
OF TURBULENCE 
To investigate the frequency and 
magnitude of turbulence in heteroge- 


neous porosity-type media, flow tests 
were performed on 21 individual 
large-diameter core samples from 
eight producing limestone formations 
and one outcrop. Typical results are 
presented in Fig. 1. This figure shows 
the permeability reductions as a func- 
tion of the pseudo-Reynolds num- 
ber. The permeability reductions 
have been calculated by dividing the 
observed permeability by the laminar 
flow permeability and expressing this 
ratio as a percentage. Laminar flow 
is represented by the region where 
100 per cent permeability exists for 
various values of N,. Turbulence be- 
gins in the region where permeability 
ratios are less than 100 per cent. Ex- 
cept for Core No. 3, the arithmetic 
mean core pressure for each sample 
was held constant. Constant mean 
pressure also means constant density 
for any given gas and, therefore, all 
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permeability changes, except Core 
No. 3, are due to turbulence and 
not gas slippage. 


The test data for Core No. 3 sub- 
stantiate the introductory discussion 
concerning the importance of holding 
gas slippage constant in studying tur- 
bulent flow. The permeability reduc- 
tions for this core shown in Fig. 
1 are due to both turbulence and 
changes in gas slippage. The mean 
pressure for the tests on Core No. 3 
varied from 1.5 to 4.3 atm abs, yet 
the per cent permeability vs N, curve 
is quite similar to the curves for the 
other samples. It is believed that gas 
slippage was of small magnitude in 
all other tests, for which data are 
presented in Fig. 1, because mean 
test pressures were from approxi- 
mately 4 to 8 atm abs. That slip- 
page was not significant for the tests 
on Core No. 1 is verified by the 
fact that a single curve fits the test 
data which include runs using oil 

-where slippage does not occur. 


The physical characteristics of the 
core samples, together with the values 
of mean pressure, range of pressure 
differentials, and maximum test pseu- 
do-Reynolds number for the tests 
shown in Fig. 1, are presented in 
Table 1. It can be observed that con- 
siderable variation in single-phase gas 
permeability was obtained over the 
range of laboratory test conditions. 
These variations in permeability are 
attributed to turbulence of various 
magnitudes during the permeability 
measurements. It is predicted that 
these cores would exhibit turbulence 
of similar magnitude during two- 
phase flow. 


TURBULENCE WITH SLIPPAGE 


The test data previously discussed 
resulted from tests in which slippage 
effects were present but were held 
constant. Before undertaking a study 
of two-phase flow, it appeared perti- 
nent to repeat the same type of sin- 
gle-phase tests and allow slippage 
to vary to determine in what way it 
would influence the test results. One 
of the samples of Strawn reef lime- 
stone was selected for testing. The re- 
sults of these tests are presented in 
Fig. 2. The curves of this figure pre- 
sent the experimentally determined 
variation in gas permeability as a 
function of N, for four separate con- 
ditions of constant gas slippage, i.e., 
constant mean pressure and constant 
density. The general shape of these 
curves and their position relative to 
the mean test pressures show that 
both slippage and turbulence are af- 
fecting the measured permeability. 


VOL. 213, 1958 


100 — 
LEGEND : 
MEAN PRESSURE, psia 
= INFINITE 
x = 13 
Oo = 70 
° 40 
a 20 
€ = 


| LAMINAR FLOW 


PSEUDO REYNOLDS NUMBER, No 


| TURBULENT FLOW 


T 


20 22 24 30 
PERMEABILITY, MD. 


Fic. 2—Siippace TURBULENCE IN AIR 
PERMEABILITY MEASUREMENTS, STRAWN 
ReEeF LIMESTONE. 


The region of laminar flow with slip- 
page extends over the range of N, 
from 0.1 to 1.0. In this range the 
permeability is a function of the 
mean free path or density and is 
independent of N,. In fact, the rela- 
tionship between permeability and 
mean pressure in this region gives a 
typical Klinkenberg curve. 

The turbulent region of Fig. 2 is 
in the region of N, values above 1.0, 
where the permeability for any con- 
stant mean pressure condition de- 
creases for increasing values of N,. 
In the range of N, from 1.0 to 30, 
both turbulence and slippage affect 
the measured permeability and the 
curves for each constant mean pres- 
sure condition show separate rela- 
tionships of permeability vs N,. In 
this region, it is visualized that lami- 
nar flow with slippage may exist in 
some of the flow channels, while tur- 
bulent flow exists in others. For N, 
values greater than 30, it appears 
that a single curve represents the re- 
lationship between permeability and 
N,. In this region, flow in all the 
channels is turbulent and the effect 
of slippage has disappeared. In fact, 
it is difficult to visualize a condi- 
tion of slippage when flow is turbu- 
lent. Turbulence involves the move- 
ment of large masses of gas, where- 
as slippage is a phenomenon depend- 
ing upon the movement of individual 


molecules. 
TURBULENCE — NO SLIPPAGE 


The sample of Strawn reef lime- 
stone used in the previous study has 
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a pore space composed of low per- 
meability intergranular material and 
a higher permeability system of solu- 


tion cavities or vugs. This is the 


type of pore geometry in which fluid 
flow is affected by both turbulence 
and slippage. However, not all lime- 
stones have this type of pore ge- 
ometry. Fig. 3 presents the results 
of a study on a fractured limestone 
where flow was affected by turbu- 
lence alone. Gas permeabilities were 
measured at various values of mean 
pressure and N,. As shown in Fig. 
3, the experimental points for four 
separate values of mean pressure, or 
mean gas density, fall on a smooth 
curve of permeability vs N,. Slippage 
effects were too small to be meas- 
urable in this sample of fractured 
Wolfcamp lime. Previous studies of 
thin sections from plastic impreg- 
nated portions of this sample re- 
vealed that it has a hairline fracture 


_ system. The permeability of this frac- 


ture system is responsible for almost 
all of the permeability of the core. 
The fracture width is large compared 
to the molecular mean free path of 
the gas molecules, and slippage is 
consequently too low to be measured. 
The laminar region of flow for this 
sample probably exists in the region 
of N, values below 0.6. Increases in 
the value of N, beyond 0.6 result in 
turbulent flow. 


Two-PHASE FLow TESTS 
TURBULENCE — NO SLIPPAGE 
The previously described sample 
of Wolfcamp lime, which has been 
shown to be free of slippage effects, 
has been used to study turbulence 
alone during two-phase flow of gas 
and oil. Six external gas-drive tests 
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were performed on this core. Gas 
density and, therefore, the magnitude 
of turbulence, was varied by using 
three different gases and by varying 
the test pressure. Table 2 presents 
data on the test conditions applying 
to the six external gas drives on this 
core sample. Fig. 4 presents the re- 
sults of these six separate external 
gas drives. The instantaneous effec- 
tive gas permeability for each run 
was calculated at five values of gas 
saturation—15, 21, 26, 34 and 42 
per cent pore space. The values of 
N, for each run were also calculated 
at each value of saturation. 

Several pertinent deductions can 
be made from Fig. 4. These two- 
phase flow data show two regions of 
flow (laminar and turbulent) similar 
to those which are evident in single- 
phase flow. The turbulent region of 
Fig. 4 is estimated to be in the re- 
gion of N, values above approxi- 
mately 0.6. In this region the per- 
meability to gas for any one constant 
gas saturation decreases as the pseu- 
do-Reynolds number increases. For 
values of N, below 0.6 the flow is 
laminar and changes in the pseudo- 
Reynolds number have no effect on 
the gas permeability. The test data 
of Fig. 4 are presented in the con- 
ventional manner in Fig. 5, which 
shows the relationship between effec- 
tive fluid permeabilities and gas satu- 
ration for Runs 1 through 6 (Table 
2). The important points brought 
out by this figure are (1) while the 
effective gas permeability relation- 
ships for the various tests are differ- 
ent, the effective oil permeability re- 
lationships are almost identical, and 
(2) the effective gas permeability re- 
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lationships for Runs 4, 5 and 6 are 
best represented by a single curve. 
This fact leads to the prediction that, 
although Run 6 appears to be the 
only one free of turbulence (Fig. 4), 
Runs 4, 5 and 6 should show no 
appreciable difference in their k,/k, 
characteristics (i.e., the ratio of gas 
to oil permeability vs gas satura- 
tions). 

In summary, it is observed that 
calculated k,/k, characteristics using 
data in the laminar region of Fig. 
4 will give the true characteristics for 
this core sample. Conversely, the cal- 
culated k,/k, characteristics using 
data obtained under turbulent flow 
conditions will be erroneous due to 
reduced permeability in the gas 
phase. Fig. 6 presents the calculated 
k,/k, relationshids vs gas saturation 
for the six runs on the Wolfcamp 
core. This figure shows that re- 
ductions ‘in gas permeability due to 
turbulence in the gas phase result in 
corresponding reductions in the k,/k, 
relationship. The true k,/k, relation- 
ship for this rock is represented by 
the k,/k, curve for Run 6, where gas 
flow was in the laminar region. As 
predicted previously, there is also no 
practical difference in the k,/k, 
characteristics for Runs 4, 5 and 6. 


TURBULENCE WITH SLIPPAGE 


A core sample which showed slip- 
page effects for single-phase gas flow 
was also tested using the same tech- 
nique previously described. Table 2 
presents data on the test conditions 
applying to six external gas-drive 
tests performed on this sample of 
Palo Pinto reef limestone. 

Fig. 7 presents the results of these 
gas-drive tests, which show the same 
type relationships as presented for 
the Wolfcamp lime. However, there 
is one significant difference. Both 
slippage and turbulent effects are evi- 
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dent. Above a N, value of approxi- 
mately 1.5, gas permeability is af- 
fected by turbulence for all values of 
gas saturation such as observed in 
Fig. 4. Below an N, of about 1.5, it 
is believed that turbulence is absent 
and slippage effects are present. 
The channel flow concept, which 
has been accepted as applying to an 
external-drive displacement mechan- 
ism, confirms the belief that slippage 
effects are present in the region of 
N, values below 1.5. According to 
this concept, injected gas first sweeps 
out the largest flow channels. As gas 
saturation is increased, progressively 
smaller pore openings are filled with 
gas until finally the minimum av- 
erage gas flow channel diameter is 
reached at the irreducible wetting 
liquid saturation. Since gas slippage 
depends in part upon the flow chan- 
nel diameter, slippage effects should 
increase with increases in the aver- 
age gas saturation during an external 
gas drive’®, This is exactly what is 
shown in Fig. 7 for the region of 
N, values less than 1.5. For 12 per 
cent average gas saturation, the gas 
permeability is not affected by a 
change in N,. For 36 per cent gas 
saturation, the increase in gas per- 
meability is approximately 10 per 
cent when N, is reduced from 1.5 
to 0.5. The gas permeability data 
for Runs 4, 5 and 6 were plotted 
as a function of reciprocal mean 
pressure and resulted in . excellent 
linear relationships or Klinkenberg 
curves. Average pore diameters were 
calculated using the Klinkenberg 
curves. These calculations showed 
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that average pore diameters of the 
gas-conducting pores varied from 16 
microns at the beginning of a run to 
7 microns at 36 per cent gas satura- 
tion. These values for average pore 
diameter agree with values cited by 
Rose’ for producing formations. 


None of the external gas drives 
presented in Fig. 7 represents the 
true flow behavior of the Palo Pinto 
reef core. For high values of N,, the 
calculated k,/k, characteristics will 
be in error due to turbulence in th: 
gas phase, which produces apparent 
gas permeabilities lower than the true 
value. At low values of N,, gas per- 
meabilities are higher than the true 
values due to slippage, and the cal- 
culated k,/k, characteristics will 
again be in error. The test data on 
this core again show that oil flow 
was in the laminar region for all 
tests. 


In addition to the previously de- 
scribed external gas-drive tests on 
the Wolfcamp and Palo Pinto reef 
cores, similar tests were performed 
on samples of Strawn reef limestone, 
oolitic dolomite, and Cordova shell- 
stone outcrop. The tests on these 
three samples were not sufficient in 
number to allow a plot of N, vs gas 
saturation as shown in Figs. 4 and 7. 
However, the same type relationship 
shown by Fig. 5 was obtained. Again 
oil flow was in the laminar region for 
all tests on these cores. It is apparent 
from the test results shown that al- 
most any gas permeability relation- 
ship can be observed depending upon 
the applied test conditions. It is also 
apparent that laminar flow without 
slippage must prevail in two-phase 
flow tests in order to obtain valid re- 
sults or that a method must be de- 
vised for correcting for slippage and 
turbulence. 


The test data which have been pre- 
sented lead to the following con- 
clusions. Turbulence and slippage can 
exist during laboratory flow tests on 
heterogeneous porosity limestones for 
usual test conditions. Measured sin- 
gle-phase permeabilities two- 
phase permeability characteristics can 
be seriously in error due to turbu- 
lence and slippage. In single-phase 
flow tests it should be possible to 
eliminate turbulence and correct for 
slippage or to eliminate both factors 
by controlling the test conditions. To 
eliminate turbulence, it is necessary 
only to reduce the flow velocity until 
laminar flow conditions prevail. If 
slippage occurs, the determination of 
several laminar flow gas permeabili- 
ties at different values of gas density 
allows a precise determination of the 
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true fluid permeability. It is also pos- 
sible to eliminate slippage by con- 
ducting tests at high static pressures 
where the effect of slippage is negli- 
gible. 

Further, it is concluded that it is 
not always possible to eliminate both 
turbulence and slippage in two-phase 
flow tests by controlling test condi- 
tions. If slippage is to be removed by 
operating at high static pressure, then 
conditions favorable for turbuiecnt 
flow exist. It is not possible in all 
types of heterogeneous porosity lime- 
stones to counteract the conditions 
favorable for turbulence by reducing 
the pressure differential and, there- 
fore, the flow velocity. Pressure dif- 
ferentials must be above a certain 
limit depending upon the capillary 
characteristics of the particular lime- 
stone core being tested. If the pres- 
sure differential is reduced below 
this limit, serious errors can be in- 
troduced due to the stabilized zone 
and capillary end effects. However, 
a correction method is presented 
which can be used to calculate the 
true laminar flow relative permeabil- 
ity characteristic even though turbu- 
lence and slippage exist during a lab- 
oratory test. 


METHOD FOR CORRECTING 
Two-PHASE FLow DaTA 

Rose’ has proposed a method for 
calculating the correct gas relative 
permeability for an external gas drive 
where slippage alone affects the 
gas permeability. The basis of this 


method is the use of a specified base » 


gas permeability (measured at 100 
per cent gas saturation). The per- 
meability must be measured using 


the same gas and under identical con- 
ditions of mean free path as would 
occur in the external gas drive. It is 
proposed that Rose’s method can be 
extended to correct also for the pres- 
ence of turbulence. Such a proposal 
requires that the base gas permeabil- 
ity be measured with the same gas 
at the same pressure differential and 
static pressure applying to the two- 
phase test. Inherent in this method 
is at least one assumption, i.e., that 
laminar flow prevails in the oil phase, 
which is the condition that existed 
for the external gas drives on the 
Wolfcamp and Palo Pinto core tests. 
This empirical method gives results 
that are consistent with present con- 
cepts of fluid flow in porous media. 
The detailed steps of applying this 
method to external gas-drive tests 
where turbulence occurs are as fol- 
lows. 


1. Measure specific permeabilities 
to gas and oil at 100 per cent fluid 
saturation using the same gas and 
the same oil at the density and pres- 
Sure drop to be used in the gas drive. 

2. Using the external-drive ex- 
perimental data, calculate the appar- 
ent effective gas permeability, appar- 
ent k,/k,, and effective oil permea- 
bility at various gas saturations. 

3. Using the appropriate base per- 
meabilities measured in (1), calcu- 
late the true gas relative permeabil- 
ity, k,/k, and oil relative permeabil- 
ity, k,/k, vs average gas saturation 
relationships. 

4. Using (3), calculate the true 
k,/k, vs gas saturation relationship. 


APPLICATION OF METHOD 
To Test DaTa 

The stated calculation procedure, 
through Step 3, was applied to test 
results for the Wolfcamp and Palo 
Pinto core samples. Fig. 8 shows a 
typical result for Runs 1, 3, 4, 5 and 
6 on the Wolfcamp core. The base 
permeability values used for the cal- 
culation of the results are tabulated 
in Table 2. It is evident that the ex- 
treme variation in gas permeability 
relationships for the tests on the 
Wolfcamp core sample has been 
changed, within practical limits, to 
a single relationship of gas permeabil- 
ity vs gas saturation. The percentage 
relative fluid permeabilities shown in 
Fig. 8 can now be used to calculate 
the corrected k,/k, relationship. This 
corrected k,/k, curve is almost iden- 
tical with the k,/k, curve for the he- 
lium gas drive (No. 6 in Fig. 6). Re- 
ferring to Fig. 4, the k,/k, relation- 
ship for this external drive is in the 
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region of laminar flow for this sam- 
ple. 

For the Palo Pinto reef sample, 
the corrected k,/k, relationship~ is 
presented by the dashed curve in Fig. 
9. This corrected curve is located be- 
tween the curves for Runs 3 and 5. 
Referring to Fig. 7, Run 3 is in the 
turbulent region where the k,/k, re- 
lationship is erroneously low because 
of lowered gas permeability. Con- 
versely, Run 5 is in the region where 
gas slippage results in a k,/k, rela- 
tionship which is erroneously high. 

In summary, a correction method 
can be used to calculate the true 
relative permeability characteristics 
of a core even though turbulence and 
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slippage were present during a lab- 
oratory flow test. 


CONCLUSIONS 


1. Turbulence and slippage can ex- 
ist during laboratory flow tests on 
heterogeneous porosity limestones for 


_ usual test conditions. Measured sin- 


gle-phase permeabilities and two- 
phase permeability characteristics can 
be seriously in error due to turbu- 
lence and slippage. 

2. In single-phase flow tests it 
should be possible to eliminate tur- 
bulence and correct for slippage or 
to eliminate both factors by con- 
trolling the test conditions. However, 
it is not always possible to eliminate 
both turbulence and slippage in two- 
phase flow tests by controlling test 
conditions. 

3. A correction method has been 
developed which can be used to cal- 
culate the true relative permeability 
characteristics of a core even though 
turbulence and slippage were pres- 
ent during a laboratory flow test. 
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Comparison Between the Predicted and Actual Production 
History of a Condensate Reservoir 


ABSTRACT 


This paper presents comparisons 
of data obtained from a laboratory 
reservoir study and from a calculated 
behavior prediction with the actual 
production history of a condensate 
reservoir. 

A small non-commercial discovery 
was depleted under closely controlled 
conditions and the well fluids were 
sampled at frequent intervals. Data 
on the reservoir and production 
variables were accumulated on a 
fixed schedule. A laboratory reser- 
voir study was made using the initial 
well fluid samples as charging stock. 
The production procedures and op- 
erating conditions were held constant 
throughout the study wherever pos- 
sible and in general paralleled the 
field work. The well fluid compositions 
and the cumulative recoveries as a 
function of the reservoir pressure 
were also calculated using conven- 
tional flash vaporization procedures 
and equilibrium constants. 

__ Comparisons based on the compo- 
sition of the well fluid show good 
agreement, the laboratory study agree- 
ing within experimental accuracy 
with the field work and the calcu- 
lated data comparing equally well. 
The gas-oil ratios are also in good 
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agreement, but with somewhat greater 
deviations at the higher pressures. 

In the over-all picture, it is believed 
that a model study can predict with- 
in experimental accuracy the produc- 
tion history of a condensate reser- 
voir. Better equilibrium constants for 
the heavier hydrocarbons are needed 
in order to attain improved composi- 
tion accuracy by calculation. 


INTRODUCTION. 


In Aug., 1955, a gas condensate 
well was completed in San Juan 
County, Utah, that was initially 
thought capable of good commercial 
production. These conclusions were 
derived principally from core data 
and electric logs, which indicated 
good permeability, porosity and gas 
content.. However, after the usual 
series of potential tests it was found 


that the reservoir pressure had de- 


clined some 22 per cent, and it was 
obvious that the zone tapped was 
but a small pocket or trap. 

It became apparent that, with a 
controlled depletion of a small reser- 
voir, a unique opportunity was avail- 
able to compare laboratory and cal- 
culated studies with an actual field 


depletion and to further the present: 


knowledge of condensate reservoirs. 


FIELD WORK 


The Coalbed Canyon Well No. 1 
was conventionally completed in the 
Paradox limestone formation to a 
total depth of 5,912 ft. The produc- 
ing zone from 5,762 to 5,806 ft was 
perforated with four jet shots per ft. 
The wellhead and field equipment 
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‘were also conventional, the major 
items consisting of a two-pass indi- 
—TYect fired line heater, a high- and a 
low-pressure separator with the nec- 
essary controls and accessories, gas 
meters, back-pressure regulators, flare 
stacks and condensate stock tanks. 


The initial testing of this well con- 
sisted of a series of flow potential 
and pressure build-up tests during 
which some 30 MMcf of gas was 
produced. The reservoir pressure de- 
clined from an estimated 2,300 to 
1,782 psig during this period, from 
which it was concluded that the 
reservoir was very small. 


In order to approach steady-state 
conditions in the reservoir and so 
provide optimum conditions for 
making comparisons, the field deple- 
tion was programmed to approach, if 
possible, constant production condi- 
tions. Bi-hourly readings were taken 
of the tubing pressure, the pressure 
and temperature of the separators, 
oil and gas rates, and other pertinent 
operating data. The gas rate, as indi- 
cated by the orifice meter, was held 

‘constant by the adjustment of the 
choke in the line heater. The tem- 
perature of the first stage separator 
was held constant by adjustment of 
the line heater jacket temperature. 
Practical considerations of produc- 
tion made the maintenance of a con- 
stant gas rate impossible. The test 
started with a gas rate of 4 MMcf/D 
and a separator pressure of 250 psig. 
This rate was maintained until the 
choke was fully opened. The gas rate 
then declined with the falling tubing 
pressure and production was con- 
tinued until the rate was about 2 
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MMcf/D. The separator pressure 
was then lowered to 100 psig, and 
the choke adjusted to re-establish the 
gas rate at 4 MMcf/D. This same 
procedure was repeated with the 
separator pressure at 50 psig. The 
second-stage separator was operated 
at 20 psig throughout the test. Be- 
cause of the low potential of the 
well and the desire to deplete the 
reservoir to a low pressure, it was 
necessary to use lower flow rates 
during the last part of the test. The 
gas rate had dropped to 1.5 MMcf/D 
when the well was finally shut in. 

At daily intervals the water pro- 
duction was-measured by draining 
the separators. Oil samples were 
flashed from the high- and low-pres- 
sure separators and their gravities 
determined. The shrinkage factor 
and the production rate of the high- 
pressure separator liquid and the 
gravity of the high- and low-pressure 
separator gases were measured. 

At less frequent intervals the 
tubing pressure was checked with a 
dead-weight gauge in order to have 
a running calibration on the tubing 
gauge, a 12-in. precision instrument. 
The separator fluids were sampled at 
flowing tubing pressures of 1,314, 
1,147, 797, 603, 380, 248, 137, and 
104 psig. Simultaneously, flowing 
reservoir pressures were measured 
while the separator samples were 
being taken. 

The well was shut in for pressure 
build-up tests twice during the deple- 
tion, the first one being for a 72-hour 
period and the second for 219 hours. 
Pressure build-up data were also 
taken for 60 days following the final 
shut-in of the well. 


LABORATORY APPARATUS 


The heart of the model reservoir 
is a high-pressure cell of 4-liter 
capacity. The cell is equipped with 
a three-way valve, a safety disc rated 
at 7,500 psig, one arm of a Wheat- 
stone-bridge circuit used as a “hot 


wire” to facilitate determining 


gas-oil interface and an_ insulated 
wire probe for locating the oil-mer- 
cury interface. For volume variance 
mercury is injected through a valved 
line connected to the bottom of the 
cell. 

The separation system is composed 
of three stages, stacked vertically to 
permit thorough drainage of the pro- 
duced liquids. The high-pressure and 
intermediate-pressure separators are 
windowed cells cf 30-cc capacity 
machined from blocks of steel and 
tested to 5,000 psi. The third stage 
is a precision graduated glass cylin- 
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der for collecting the liquids and 
directly determining the amount pro- 
duced. All three separators are im- 
mersed in individua] thermostatic- 
ally controlled baths to maintain any 
desired constant temperature. The 
gas outlets of the separators are con- 
nected through back-pressure regu- 
lators to a bank of storage vessels 
so manifolded that the separator 
gases can be collected separately or 
mixed together. In these studies, the 
gases from the intermediate- and 
low-pressure separators were mixed 
and collected separately from that 
of the high-pressure separator. The 
collection system is connected to 
sampling apparatus for sample re- 
moval and to a vacuum pump for 
evacuation. 

Other accessory equipment in- 
cludes accurately calibrated pressure 
gauges, a dead-weight tester and by- 
pass valves for venting the gas pres- 
sure in the separators. 

Analyses of the fluids were made 
on a low temperature distillation ap- 
paratus» The determination of nitro- 
gen was made by the method recom- 
mended by the NGAA. 


LABORATORY PROCEDURE 


Five model production studies 
were made in the laboratory with 
each study consisting of several runs. 

The correct amounts of gas and 
liquid, as calculated from the field 
GOR, were determined for charging 
the 4-liter cell to somewhat above 
the dewpoint pressure. The gas was 
expanded into calibrated cylinders to 
atmospheric pressure, measured, and 
then condensed into the cell by cool- 
ing it with liquid nitrogen. Liquid 
was displaced into the cell at above 
bubble-point pressure by a calibrated 
piston pump using mercury as the 
displacing liquid. The cell was then 
placed in a thermostatically con- 
trolled oil bath at reservoir tempera- 
ture and rocked to assure attainment 
of equilibrium. 

Before starting a run, the three- 
stage separator system was flushed 
and filled with natural gas and the 
gas collection system evacuated. Ef- 
fluent from the gas phase in the 
cell was slowly fed into the first- 
stage separator until the operating 
pressure, 750 psig, was attained. A 
back-pressure regulator then main- 
tained this pressure throughout the 
run. When sufficient liquid had accu- 
mulated in the first stage, it was 
manually bled into the second stage 
where an operating pressure of 50 
psig was maintained. Liquid from 
this stage was then bled into the 


third stage at atmospheric pressure 
and collected in the precision grad- 
uated cylinder. At the end of each 
run, which was determined by reach- 
ing a predetermined reservoir pres- 
sure or the limits of the collection 
systems, the reservoir was “shut in”, 
the separators drained of all liquid 
and the gas then vented to the re- 
spective collection systems. Gas and 
liquid volumes were measured and 
samples taken for analysis. 

Each study consisted of essentially 
three parts: (1) depletion to dew 
point, (2) depletion from the dew 
point to a predetermined pressure, 
and (3) displacement of the reser- 
voir residue fluids at the predeter- 
mined pressure. 

The first part consisted of a con- 
stant volume depletion to the dew- 
point pressure of the reservoir. This 
established a common starting point 
for all the studies, and through the 
analyses of the produced fluids pro- 
vided a check of the accuracy of the 
charge and a means of determining if 
equilibrium had been attained. 

The second part of each study 
consisted of depleting the reservoir 
from the dew point to a predeter- 
mined pressure. For the five studies 
these pressures were approximately 
80, 60, 40, 20, and 10 per cent of 
the dewpoint pressure. In this part 
of the study, it was on occasion 
necessary to make the pressure de- 
pletion in several steps because of 
the limits of the collection systems. 
Consequently, each run was specified 
in pressure range so that it coincided 
precisely with the same run from the 
other studies. Thus, each run was 
made in the same manner as the 
coinciding runs and gave duplication 
of conditions and experimental data. 
These runs provided the data from 
which the cumulative production 
could be calculated as well as GOR’s 
and composition of the well fluids. 

The third part of each study was 
the displacement of the reservoir 
fluids at constant pressure. Mercury 
was injected into the reservoir to 
maintain a constant pressure as the 
fluids were removed. The gas phase 
was completely displaced, passed 
through the separator system and 
the products collected and measured 
in an identical manner to that used 
for the constant volume runs. 

The gas-oil interface was located 
by a hot wire Wheatstone-bridge cir- 
Cuit ia the cell head; the oil-mercury 
interface by an insulated probe in 
the cell head. Amounts of mercury 


_ injected determined the volume of 


the gas phase and of the oil phase 
formed by retrograde condensation. 
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Samples of each phase were taken 
for analysis. Data from this part of 
the study provided the compressi- 
bility factors of the well fluid and 
the determination of the K-values of 
the hydrocarbons at the coincident 
pressure and temperature. 

Throughout all the studies the 
operating conditions of the three 
separators were 750, 50 psig, and 
atmospheric pressure, and their tem- 
peratures were 65, 65, and 60° F, 
respectively. On the last study, 
though, where the reservoir was de- 
pleted to 200 psig, it was necessary 
to lower the separator pressure; this 
was done in two steps. On next to 
the last run, separator pressures were 
250, 20 psig, and atmospheric pres- 
sure; on the final run, they were 100 
psig, atmospheric, and atmospheric, 
respectively. 


CALCULATION PROCEDURE 


_. The second method of predicting 
the recoveries obtainable from a 
condensate reservoir is by calcula- 
tion. From an initial volume, pres- 
sure, temperature and composition 
of the reservoir fluid, vapor-liquid 
equilibrium constants and standard 
flash vaporization procedures, it is 
possible to determine the recoveries 
of the various components as the 
pressure of a reservoir declines. 

In order to derive the calculated 
volumes and compositions of the pro- 
duced fluids during the life of a 
field, the following simplifying as- 
sumptions are required. 

1. The flowing bottom-hole pres- 
sure is the equilibrium pressure and 
the dew point of the reservoir fluid 
flowing into the wellbore. The static 
bottom-hole pressure is the shut-in 
equilibrium pressure of the reservoir 
and determines the amount of well 
fluid produced during any pressure 
decrement. 

2. The condensate which accu- 
mulates in the reservoir through the 
retrograde region as the pressure de- 
clines will remain immobile. Thus, 
in order to produce any part of this 
condensate, re-vaporization must oc- 
cur before any of these hydrocar- 
bons can move into the wellbore. 

3. All condensate which forms in 
the wellbore will be produced with 
the gas from which it originated. 

4. The average composition of the 
well fluid produced during any pres- 
sure decrement is the arithmetic 
average value of the initial and final 
fluid produced during any pressure 
step. 

5. No liquid hydrocarbons exist in 
the reservoir under the initial reser- 
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voir conditions of temperature and 
pressure. 

Regarding the fifth assumption, the 
initial samples taken for the purpose 
of determining the composition of 
the reservoir fluid were obtained at 
a pressure of 2,217 psig. It was 
found that the reservoir fluid was 
saturated at that pressure. Thus, it 
was indeterminate whether the reser- 
voir had been saturated at its original 
estimated pressure of 2,300 psig. 
Through the laboratory determina- 
tion, as discussed, a dew point of 
2,217 psig was established for the 
initial reservoir samples. By use of 
this dew point for both the labora- 
tory and the calculation studies, a 
common basis for comparison of 
data was established. The reservoir 
was thus assumed to be undersatu- 
rated at 2,300 psig. 

The calculation of a reservoir de- 
pletion is based essentially on data 
available early in the life of the 
reservoir. The pertinent items con- 
cerning the Coalbed Canyon Well 
No. 1 are as follows: (1) estimated 
original reservoir pressure, 2,300 
psig; (2) reservoir temperature, 
134°F; (3) dewpoint pressure, 2,217 
psig; (4) pore volume of the reser- 
voir, 658,000 cu ft, which was ob- 
tained by a material balance using 
the fluid produced during the drill- 
stem tests as the basis for the esti- 
mate; and (5) composition of the 
well fluid, which is listed as follows. 


Component Mol Per Cent 
Nitrogen 0.99 
Methane 77.41 
Ethane 11.48 
Propane 
iso-Butane 0.97 
n-Butane 1.33 
iso-Pentane 0.59 
n-Pentane 0.38 
Hexanes 0.54 
Heptanes + 1.00 
TOTAL 100.00 
Mol Wt C74 116.4 
Sp Gr Ci 0.7443 


Accurate phase behavior charac- 
teristics of the hydrocarbons are es- 


sential in order to predict recoveries. . 


The procedure used in developing 
applicable equilibrium factors (or 
K-values) were based on methods 
developed and published elsewhere 
in the literature. The procedure in 
developing these equilibrium factors 
for this study consisted in general 
of the following steps. First, the prop- 
erties of the heptanes-plus fraction in 
the well fluid were examined. A re- 
view of the true boiling point distil- 
lation curve, the molecular weight, 
specific gravity and characterization 
factor indicated that equilibrium fac- 
tors developed for octanes would give 
relatively good results for the hep- 
tanes-plus fraction. Second, the ap- 
parent convergence pressure of 3,340 


psia was determined using the method 
suggested by Hadden.’ The third step 
was the development of the minimum 
equilibrium values obtained from 
empirical correlations.’ After several 
attempts, a smooth set of equilibrium 
factors was developed as shown in 
Fig. 6 by using the NGAA equilib- 
rium factors’ from 0 to 500 psia, the 
minimum K-values as calculated in 
Step 3, the values determined from 
the dewpoint composition at 2,217 — 
psia, and the apparent convergence 
pressure selected previously. Fig. 6 is 
the plot of log K— Log P, normally 
developed for hydrocarbon systems. 
Equilibrium factors for nitrogen were 
developed through a cross plot of 
data published by Jacoby and Rzasa‘ 
on the non-hydrocarbon constituents 
of the reservoir fluids. 

“Compressibility factors were un- 
available for the calculation study. 
Approximate values were developed 
by flashing the initial fluid composi- 
tion to various pressures in the life 
of the project.” The vapor phase ob- 
‘tained from these calculations was 
then treated in the usual manner by 
application of the reduced pressure 
and temperature curves cited in the 
literature’ for the determination of 
compressibility factors. 

The procedure used in the calcu- 
lated depletion of Coalbed Canyon 
Unit No. 1 was begun by determin- 
ing the gas volume produced from 
2,300 to 2,217 psia. As this step was 
above the dew point, the composition 
of the gas remained constant and the 
decrement was made through the use 
of the gas laws alone. All the pres- 
sure decrements from the dewpoint 
pressure to the abandonment pres- 
sure require treatment of the chang- 
ing volume of condensate in the 
reservoir as the: pressure decreases, 


_in addition to the effects resulting 


from the production of the reservoir 
gas. The calculation procedure, in 
general, consists of making an esti- 
mate of the amount and the average 
composition of the fluid produced 
during any pressure step. This esti- 
mated fluid is then subtracted by 
components from the total fluid re- 
maining in the reservoir from the 
previous pressure decrement. 

By making a conventional flash 
calculation of the reservoir fluid, the 
distribution of the components be- 
tween the liquid and vapor phases 
can be obtained. A comparison of 
the physical volume of the combined 
liquid and vapor to the pore volume 
of the reservoir will reveal the accu- 
racy of the produced volume of fluid 
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already estimated. A comparison of 
the estimated and calculated compo- 
sition at the final pressure of each 
decrement should also be made. If 
the estimate of fluid production or 
the final composition of any decre- 
ment do not agree reasonably well 
with the calculated values, this pro- 
cedure should be repeated until a 
satisfactory comparison is made be- 
fore continuing to the next step. 


DISCUSSION 


The well fluid compositions ob- 
tained by laboratory studies and cal- 
culations are compared with the ac- 
tual field samples in Figs. 1 through 
5. The curves drawn on these figures 
represent the smoothed reservoir 
composition with which the labora- 
tory and calculated data are com- 
pared. An examination of these fig- 
ures will, in general, reveal good 
agreement between these studies and 
the field samples. 

There were small discrepancies be- 
tween the composition of the well 
fluid charged to the laboratory ap- 
paratus and the value used as the 
initial fluid in the calculated study, 
which introduced a difference in 
composition throughout the whole of 
the two studies. The trends of the 
two studies are, however, quite sim- 
ilar. 

Compositional comparisons of 
methane, ethane and propane are 
shown in Fig. 1. The methane and 
ethane are in very good agreement 
throughout the whole pressure range. 
The propane shows some slight vari- 
ance, the laboratory and calculated 
work agreeing quite well with each 
other but being slightly higher than 
that of the reservoir data in the mid- 
dle pressure range. 
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The conformity of iso- and nor- 
mal butane and pentane components, 
as shown in Figs. 2 and 3, were 
somewhat less favorable due to the 


erratic points in the analyses obtained © 


on the laboratory and reservoir sam- 
ples. Sharp separation of the iso- 
and normal components of butane 
and pentane is known to be a diffi- 
cult operation on the low-tempera- 
ture distillation apparatus in use to- 
day. 

The scattering of the points on 
these curves is believed to be due to 
this lack of resolution and, for this 
reason, the isomers of the compon- 
ents are combined and shown in Fig. 
4. An improvement in the results is 
apparent. 

In Fig. 5 the comparison of the 
hexane compositions was good in 
the upper-pressure range, but below 
1,500 psi, the laboratory points scat- 
tered at random, and the calculated 
data are high. 

The comparison of the heptane- 
plus data indicates that considerable 
improvement in the calculated com- 
position could be made. As stated 
previously, from all of the indicated 
properties of the heptane-plus frac- 
tion the K-values for octane should 
have been satisfactory. The appear- 
ance of the data on the curve clearly 
shows the need for improved tech- 
niques in establishing proper equilib- 
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rium data. Except at the very lowest 
pressures, agreement between the 
laboratory and the reservoir data is 
good. The comparison of the nitro- 
gen composition data indicate a com- 
mon trend even though the data are 
somewhat scattered. These determi- 
nations were made by the NGAA 
method. 

The equilibrium factor curves 
shown in Fig. 6 are those used for 
the calculation study. The points 
plotted are those values obtained 
from the laboratory work. The agree- 
ment of the data is only fair. The 
laboratory data develop a family of 
curves that are of somewhat differ- 
ent shape than those used in the cal- 
culated study. The methane and hex- 
ane curves are both lower, the ethane 
and propane in reasonable agree- 
ment, and the butanes and pentanes 
are considerably higher in the upper- 
pressure region. The heptane-plus 
data are considerably higher in the 
mid-pressure region with best agree- 
ment at the highest pressure. The 
poor resolution of the butane and 
pentane isomers made combination 
necessary for these calculations. 
These data follow the trends of the 
laboratory well-fluid compositions, In 
most of the cases where the labora- 
tory work shows a component with 
a higher concentration than the cal- 
culated study, the indicated equilib- 
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rium constants are correspondingly 
lower. 

Fig. 7 is a comparison of com- 
pressibility factors. The curve is cal- 
culated from the well-fluid composi- 
tion and the reduced temperature 
and pressure data of the compon- 
ents. The points shown are those de- 
rived from the laboratory work. The 
agreement is good. 

The data shown in Fig. 8 are a 
plot of the produced gas vs pres- 
sure/compressibility (P/Z). The ac- 
tual and calculated volumes are com- 
pared with the original estimated 
values. The agreement is very good, 
with the deviations of the actual and 
calculated volumes from the straight 
line signifying the effects of the retro- 
grade condensation in the reservoir. 

Fig. 9 is a comparison of the cal- 
culated and laboratory GOR in the 
reservoir at the reservoir temperature 
and pressure. 

Fig. 10 is the comparison of the 
high-pressure separator gas-stock 
tank oil ratio as derived in the lab- 
oratory with that found in the field. 
The agreement of the two was fa- 
vorable. 


CONCLUSIONS 


From the comparison made be- 
tween the results of the laboratory 
and calculated studies and the values 
obtained during the controlled deple- 
tion of the reservoir itself, several 
conclusions have been drawn. First, 
the laboratory depletion study closely 
reproduced the data obtained from 
the reservoir as the field was de- 
pleted, thereby indicating that within 
the accuracy of the equipment, lab- 
oratory studies can reproduce the 
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conditions of a condensate reservoir 
through the life of such a system. 
Secondly, compositions and volumes 
through the life of a condensate res- 
ervoir can be predicted by calcula- 
tions provided representative equilib- 
rium factors are available. Thirdly, 
improved procedures for developing 
the equilibrium factors for the 
heavier hydrocarbons would improve 
the over-all accuracy of the calcula- 
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tion method. Fourthly, by use of one 
of the various electronic computers, 


the calculation method can be far 


more rapid than the laboratory meth- 
od and is a good method for quickly 


‘obtaining approximate results. Final- 


ly, further laboratory studies will be 
required to advance the present 
knowledge of the equilibrium factors 
of the heavier hydrocarbons. 
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Estimation of Ultimate Recovery from Solution 


INTRODUCTION 


In the past few years several ar- 
ticles and papers presenting results 
of solution gas-drive depletion cal- 
culations have appeared in the lit- 
erature’. Such calculations are of 
interest to the oil industry, for in- 
vestment decisions must often be 
made before much is known about a 
reservoir, At other times, an estimate 
of the possible benefits to be realized 
from alternate production methods 
is desirable, and theoretical depletion 
calculations can serve as a floor or 
reference level from which to work. 
In any case, an estimate of ultimate 
oil recovery based upon engineering 
data is commonly required. 

An engineer confronted with the 
problem of obtaining, for a specific 
reservoir system, an estimate of ul- 
timate oil recovery by solution gas- 
drive depletion usually will be forced 
to perform the calculations himself. 
This is despite the quantity of data 
in the literature. Rarely will either 
experience or the literature provide 
results from a reservoir system simi- 
lar in all important respects to the 
one under consideration, and calcu- 
lated results are not so plentiful that 
satisfactory interpolation procedures 
can be devised. Performing the cal- 
culations, however, is a tedious, time- 
consuming task unless an electronic 
computer is available, and, in prac- 
tice, time and manpower are not al- 
ways available for this purpose. 

A quick, simple, consistent method 
was needed for reducing the uncer- 
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tainty in estimated oil recovery from 
solution gas-drive reservoirs when 


- only minimum information about the 


reservoir system is available. 


PROCEDURE 


METHOD OF CALCULATION 


The usual requisite assumptions 
were made so that the material bal- 
ance equation could be used to cal- 
culate data for the charts. The fol- 
lowing assumptions were made: (1) 
the reservoir is homogeneous and 
isotropic; (2) oil recovery is due en- 
tirely to solution gas drive and 
neither a gas cap nor a water drive 
nor gravity drainage is present; (3) 
the initial reservoir pressure is the 
bubble-point pressure of the reser- 
voir fluid; (4) initial total liquid 
saturation is 100 per cent of pore 
space; (5) interstitial water satura- 
tion remains at the initial value as 
the reservoir pressure declines from 
the bubble-point pressure to atmos- 
pheric pressure; (6) equilibrium gas 
saturation is 5 per cent of pore 
space; and (7) oil and gas .satura- 
tions are uniformly distributed 
throughout the reservoir at all times. 
There are no saturation gradients 
due to a wellbore, nor is the ge- 
ometry of the reservoir system con- 
sidered. 


The material balance equation was 


written in the form of a differential 


equation’ which was integrated to 
determine the change in oil satura- 
tion for an assigned pressure drop. 
Formal integration was not possible, 
sO recourse was made to the Runge- 
Kutta method* of numerical integra- 
tion, All computations were per- 
formed on IBM equipment. 


Numerical integration yielded the 
change in oil saturation within the 
reservoir as the pressure declined 
from the bubble-point pressure to at- 
mospheric pressure. The initial oil 
saturation minus the change in oil 
saturation yielded the oil saturation 
at atmospheric pressure. The oil 
originally in place was obtained by 
dividing the initial oil saturation by 
the initial formation volume factor 
(differential liberation) while the oil 
in place at atmospheric pressure was 
obtained by dividing the final oil 
saturation by the formation volume 
factor at atmospheric pressure. UlI- 
timate oil recovery, expressed as a 
percentage of the initial oil in place, 
was obtained by dividing the differ- 
ence between the oil initially in place 
and the oil in place at atmospheric 
pressure by the oil initially in place 
and multiplying by 100. 


PVT DaTa 


Charts were based upon 135 solu- 
tions to the material balance equa- 
tion. PVT properties of the reservoir 
fluids were variables in this equation 
and had to be known as functions of 
pressure. The required PVT data 
might have been obtained from either 
actual reservoir fluid systems or cor- 
related data. However, correlated 
PVT data were developed and em- 
ployed in the calculations for the 
following reasons: (1) it is doubtful 
that 135 sets of PVT data could have 
been obtained for the values of varia- 
bles investigated in this study, and 
(2) results of recovery calculations 
from randomly obtained PVT data 
could not be correlated as well as 
results from selected PVT data. 

The PVT data used to develop the 
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correlations consisted primarily of 
Mid-Continent and Gulf Coast crude 
oil systems although Canadian and 
South American systems were repre- 
sented. Data from approximately 75 
fluid systems were used, but only 
part of the data were utilized for 
any one correlation. When only 
minimum information about a fluid 
system is available, the correlations 
presented in Figs. 10 thru 14 may 
prove useful. 

The correlation of oil formation 


FORMATION VOLUME FACTOR 
UNITS ARE RESERVOIR BARRELS 
PER BARREL OF RESIDUAL ‘OIL. 

SOLUTION GAS / OIL RATIO 


NOTE: 


AS HERE USED "ULTIMATE OIL 
RECOVERY” IS REALIZED WHEN THE 
RESERVOIR PRESSURE HAS DECLINED 
FROM THE BUBBLE-POINT PRESSURE 


PER BARREL OF RESIDUAL OIL. 
TO ATMOSPHERIC PRESSURE. 


EXAMPLE I 


REQUIRED: ULTIMATE RECOVERY FROM A SYSTEM 
HAVING A BUBBLE POINT PRESSURE = 2250 PSIA, 
FORMATION VOLUME FACTOR = 1.6, AND A SOLUTION 
GAS / OIL RATIO 1300 SCF/ BBL. 


PROCEDURE: STARTING AT THE LEFT SIDE OF 
THE CHART, PROCEED HORIZONTALLY ALONG THE 
2250 PSI LINE TO A FORMATION VOLUME FACTOR 
OF 1.6. NOW RISE VERTICALLY TO THE 1300 SCF/ 
BBL LINE. THEN GO HORIZONTALLY AND READ AN 
ULTIMATE RECOVERY OF 35.8 PER CENT. 


EXAMPLE IL 


REQUIRED: CONVERT THE RECOVERY FIGURE DET- 
ERMINED IN EXAMPLE I TO TANK OIL RECOVERED. 


UNITS ARE STANDARD CUBIC FEET 


volume factor (B,) vs bubble-point 
pressure is shown in Fig. 10. Sup- 
pose B, and the bubble-point pres- 
sure for a reservoir fluid locate a 
point somewhere on one of the 
curves. Then B, will decrease along 
this curve with decreasing pressure. 
Since B, and the bubble-point pres- 
sure generally will not locate a point 
exactly on one of the curves, it is 
necessary to interpolate for values. 

Solution gas-oil ratio (R,) vs 
bubble-point pressure curves are pre- 


sented in Fig. 11: Procedure is sim- 
ilar to that for estimating oil for- 
mation volume factor. Correspond- 
ing values of solution gas-oil ratio 
and bubble-point pressure locate a 
point somewhere on one of the 
curves, and solution gas-oil ratio 
then decreases along the curve with 
decreasing pressure. Interpolation be- 
tween curves may be necessary. 

A curve for reciprocal gas for- 
mation volume factor vs reservoir 
pressure is shown in Fig. 12. Data 


INTERSTITIAL WATER IS ASSUMED TO BE 
10 PER CENT OF PORE SPACE AND DEAD OIL 
VISCOSITY AT RESERVOIR TEMPERATURE TO 
BE ONE HALF CENTIPOISE. 

EQUILIBRIUM GAS SATURATION IS ASSUMED 
TO BE FIVE PER CENT OF PORE SPACE. 


keg / kro RELATIONSHIP 


x 50 
IN 


100 


30 
TOTAL LIQUID SATURATION 


PER CENT OF PORE SPACE 


DATA REQUIREMENTS: DIFFERENTIAL LIBERATION DATA 


NO 


GIVEN IN EXAMPLE I. FLASH LIBERATION DATA: 500 


BUBBLE POINT PRESSURE=2250 PSIA, FORMATION 


VOLUME FACTOR = 1.485, FORMATION VOLUME FACTOR 
AT ATMOSPHERIC PRESSURE *1.080 FOR BOTH FLASH 


AND DIFFERENTIAL LIBERATION. 
750 


PROCEDURE: CALCULATE THE OIL SATURATION AT 
ATMOSPHERIC PRESSURE BY SUBSTITUTING DIFFER- 
ENTIAL LIBERATION DATA IN EQUATION (1) BELOW: 


OIL SATURATION AT ATMOSPHERIC PRESSURE * 0.390 


NEXT, SUBSTITUTE THE CALCULATED VALUE OF OIL 
SATURATION AND THE FLASH LIBERATION DATA INTO 
EQUATION (1) AND CALCULATE THE ULTIMATE OIL 
RECOVERY AS A PERCENTAGE OF TANK OIL ORIGINALLY 


So 
Bo 


0.900 
1.600 


So 
1,080 


0.900 
1,600 


IN PLACE. 
0.900 0390 0.900 ]_ uLtimaTe 
1485 «1,080 1.465 RECOVERY 


ULTIMATE RECOVERY = 40.4 PER CENT OF TANK OIL 
ORIGINALLY IN PLACE 
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1000 


FORMATION VOLUME FACTOR = 


y FROM SOLUTION GAS-DRIVE RESERVOIRS. 


40 
EXAMPLE T “NS BS | 38 
LENE | 
REQUIRED: ULTIMATE RECOVERY FROM A SYSTEM t INTERSTITIAC. WATER IS ASSUMED TOBE 
HAVING A BUBBLE POINT PRESSURE = 2250 PSIA, X S 36 lo PER CENT OF PORE SPACE AND DEAD OIL 
FORMATION VOLUME FACTOR = |.6, AND A SOLUTION N NJ UN NN ERY TEMPE 
GAS / OIL RATIO = 1300 SCF/BBL N 34 & BE TWO CENTIPOISE. : 
N—NAN EQUILIBRIUM GAS SATURATION IS ASSUMED 
PROCEDURE: STARTING AT THE LEFT SIDE OF XN aN NX KIND 2, ‘ _ 32 9». TO BE FIVE PER CENT OF PORE SPACE. 
THE CHART, PROCEED HORIZONTALLY ALONG THE KE 
2250 PS! LINE TO A FORMATION VOLUME FACTOR NI = 
OF 1.6. NOW RISE VERTICALLY TO THE 1300 SCF/ = NBS NE Ne 
BBL LINE. THEN GO HORIZONTALLY AND READ AN = N 2 
ULTIMATE RECOVERY OF 26.7 PER CENT. NTN K 28 
SEE FIGURE | 3 ON 24 
= OF NIN BNENBNNENEN KE 
N 
500 Net < SOLUTION 
XY NUS AN NES 
N 
“TOTAL LIQUID SATURATION iG Ne \ he 2 
PER CENT OF PORE SPACE 1750 
RECOVERY" 1S REALIZED WHEN THE [ KEIN NO 
RESERVOIR PRESSURE HAS DECLINED xe aN | ZAR 
FROM THE BUBBLE-POINT PRESSURE TEIN T KIS 
FORMATION VOLUME FACTOR 4500 See N Bale 
PER BARREL OF RESIDUAL OIL. NINES 
SOLUTION GAS / OIL RATIO 4000 N NE 
UNITS ARE STANDARD CUBIC FEET 
PER BARREL OF RESIDUAL OIL. FORMATION VOLUME FACTOR = 
GaAS-DRIVE RESERVOIRS. 
Frc. 2—Cuart ror Estimatine Uttimate RECOVERY FROM SoLuTION 
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for the curve were obtained in the | were known. Published correlations’ viscosity vs solution gas-oil ratio. 
following manner. were employed to determine com- Gas viscosity vs reservoir pressure 
Gas gravities as functions of pres- _pressibility factors which, in turn, ig presented in Fig. 14. Gas gravity 
sure were obtained from PVT analy- permitted the reciprocal formation nq pressure data were obtained 
ses of reservoir fluids. Gas gravities volume factors to be calculated aS from analyses of reservoir fluids, and 
were used to determine pseudo-crit- functions of pressure. the method of Carr, Kobayashi and 
ical temperatures and pressures from The reservoir fluids used as the 
published correlations.’ Pseudo-crit- basis for Fig. 12 had bubble-point 
ical temperatures and pressures in pressures ranging se 1,485 to 
turn permitted the pseudo-reduced 4,000 psia and represented reservoirs : : 
ee and eae to be ee temperatures ranging from from which the correlation was de- 


Burrows? was used to compute the 
gas viscosity at reservoir conditions 
as a function of pressure. PVT data 


Recipe ° had bubble-point pressures 
calculated because pressure histories 132 to 284° F. veloped Pp es 
j i sla 
and temperatures of the fluid systems Fig. 13 shows gas-saturated oil ranging from 1,146 to 4, 00 p 
30 INTERSTITIAL WATER IS ASSUMED TO BE 
EXAMPLE I j iN aN 10 PER CENT OF PORE SPACE ANO DEAD OIL 
28 & VISCOSITY AT RESERVOIR TEMPERATURE TO 
TIPOISE. 
REQUIRED. ULTIMATE RECOVERY FROM A SYSTEM - Ay BE TEN CEN 
HAVING A BUBBLE POINT PRESSURE = 2250 PSIA, 26 EQUILIBRIUM GAS SATURATION 
FORMATION VOLUME FACTOR = 1.6, AND A SOLUTION NENA Ds 4, 10 BEUFIVESPER CENT OF FORE SPACE. 
GAS/ OIL RATIO = 1300 SCF/BBL- NEE + 24 
PROCEDURE: STARTING AT THE LEFT SIDE OF ARE | 22 
THE CHART, PROCEED HORIZONTALLY ALONG THE NN ai 
2250 PSI LINE TO A FORMATION VOLUME FACTOR K 20 
-OF 1.6. NOW RISE VERTICALLY TO THE 1300 SCF/ 
BBL LINE. THEN GO HORIZONTALLY AND READ AN 
ULTIMATE RECOVERY OF 17.8 PER CENT. : 18 
ALAA 
SEE FIGURE |. i %, : 
KN 10 
4 
OAK 8 ay 
= 
500 NE > 
xe N N SOLUTION 
750 NI GAS / OIL RATIO 
N aw N 
N N me asi NE 
40 50 60 70 60 90 100 5 NER = aN 
AS HERE USED "ULTIMATE OIL % 
RECOVERY" IS REALIZED WHEN THE 2250 RUIN = 
RESERVOIR PRESSURE HAS DECLINED 4g 3000 
FROM THE BUBBLE-POINT PRESSURE N KLIN 
TO ATMOSPHERIC PRESSURE. 3500 KIN 
FORMATION VOLUME FACTOR 
UNITS ARE RESERVOIR BARRELS 4000 ST NEE 5 
PER BARREL OF RESIDUAL OIL. 
SOLUTION GAS / OIL RATIO - 
UNITS ARE STANOARD CUBIC FEET FORMATION VOLUME FACTOR 
PER BARREL OF RESIDUAL OIL. i 
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44 
EXAMPLE SANSONE = INTERSTITIAL WATER 1S ASSUMED TO BE 
HAVING A BUBBLE POINT PRESSURE = 2250 PSIA, 
FORMATION VOLUME FACTOR = 1.6, AND A SOLUTION ~ 40 
GAS N EQUILIBRIUM GAS SATURATION IS ASSUMED 
= SCS TO BE FIVE PER CENT OF. PORE SPACE. 
N AN ‘4 38 
PROCEDURE: STARTING AT THE LEFT SIDE OF N aN NN & 
THE CHART, PROCEED HORIZONTALLY ALONG THE SONY 25% 
2250 PSI LINE TO A FORMATION VOLUME FACTOR NOK NIN USN KT 
OF 1.6. NOW RISE VERTICALLY TO THE 1300 SCF/ ANNSK 
BBL LINE. THEN GO HORIZONTALLY ANO READ AN LaNUSANSaNs aN 34% Soy 
ULTIMATE RECOVERY OF 30.8 PER CENT. SNS SORT OE = On 
32 
EXAMPLE I aN 
28 
on 
22 
z 
2 : 
= 
Fo 
soo ETT NERS 
NG NEN 
750 NETS 
Ne 
1000 N NX 
TOTAL LIQUID SATURATION AN N N 
PER CENT OF PORE. SPACE $4 1250 — NS 
AS HERE USED "ULTIMATE OIL 
RECOVERY" IS REALIZED WHEN THE * 
RESERVOIR PRESSURE HAS DECLINED Be. 3000 KL 
FROM THE BUBBLE-POINT PRESSURE 
TO ATMOSPHERIC PRESSURE. We, 4 
UNITS ARE RESERVOIR BARRELS ALIN IN N 
SOLUTION GAS /OIL RATIO 
PER BARREL OF RESIDUAL OIL. : PORMATION VOLUME MFAGTOR ; 
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| 
| 
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and reservoir temperatures ranging 
from 95 to 284° F. 


k,4/Kro RATIO 


All variables except one in the 
material balance equation are func- 
tions of reservoir pressure, the ex- 
ception being the relative permeabil- 
ity ratio, k,,/k,,, which must be 
known as a function of saturation 
in order to solve the equation. Rela- 


tive permeability data from field 
measurements on sandstone reservoirs 
were examined with the objective of 
developing a k,,/k,. ratio-saturation 
correlation which could be used in 
this study. It was found that when 
interstitial water saturation was 
treated as a parameter in the corre- 
lating procedure, an equation could 
be written which expressed the 


K,,/Kro ratio as a function of oil sat- 
uration alone. The equation is 


kerg/Kro = & (0.0435 + 0.45568) 
é 


and 


where S,,. is equilibrium gas satura- 
tion, a constant = 0.05 in these cal- 
culations; S,, is interstitial water sat- 
uration, fraction of pore space; S, is 


EXAMPLE I SSE 
NENTS KIN ee INTERSTITIAL WATER IS ASSUMED TO BE 
REQUIRED: ULTIMATE RECOVERY FROM A SYSTEM NEARS SEINE 5 , 30 PER CENT OF PORE SPACE AND DEAD OIL 
HAVING A BUBBLE POINT PRESSURE = 2250 PSIA, basi as re baa aS VISCOSITY AT RESERVOIR TEMPERATURE TO 
FORMATION VOLUME FACTOR = 1.6, AND A SOLUTION 32 &, BE TWO CENTIPOISE. 
GAS / OIL RATIO = 
TIO = 1300 SCF/ BBL. SEND N Ny EQUILIBRIUM GAS SATURATION IS ASSUMED 
SERIN 30 99> TO BE FIVE PER CENT OF PORE SPACE. 
PROCEDURE: STARTING AT THE LEFT SIDE oF oho § 
THE CHART, PROCEED HORIZONTALLY ALONG THE = Bs 28 Ge 
2250 PSI LINE TO A FORMATION VOLUME FACTOR NEN L, 
OF 1.6. NOW RISE VERTICALLY TO THE 1300 SCF/ SONI 2 
BBL LINE. THEN GO HORIZONTALLY AND READ AN zt N : 
ULTIMATE RECOVERY OF 238 PER CENT. BN 
SEE FIGURE ONES N 
NOININ INN NE 
NS 
KIN 
NONIN ANS 
500 Nel aN SERSEE SOLUTION 
= N N N GAS / OIL RATIO 
ENCES 
<e ING TIN 2 
60 90 100 N NY NI 
PER CENT OF PORE SPACE 4» aN 
NOTE: 
AS HERE USED "ULTIMATE OIL EIN 
RECOVERY" IS REALIZED WHEN THE 2250 aN SN IN 
RESERVOIR PRESSURE HAS DECLINED N 
FROM THE BUBBLE-POINT PRESSURE 
TO ATMOSPHERIC PRESSURE. 3500 
UNITS ARE RESERVOIR BARRELS 4000 NX 
PER BARREL OF RESIDUAL OIL. | 
SOLUTION GAS / OIL RATIO 
PER BARREL OF RESIDUAL OIL. | 
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: 28 INTERSTITIAL WATER IS ASSUMED TO BE 
EXAMPLE I 30 PER CENT OF PORE SPACE AND DEAD OIL 
KIN NSS & VISCOSITY AT RESERVOIR TEMPERATURE TO 
REQUIRED: ULTIMATE RECOVERY FROM A SYSTEM WIND BE TEN CENTIPOISE 
HAVING A BUBBLE POINT PRESSURE = 2250 PSIA, KIN ENCE > EQUILIBRIUM GAS SATURATION IS ASSUMED 
FORMATION VOLUME FACTOR = 1.6, AND A SOLUTION STN KIN RSET Ae 24 € To BE FIVE PER CENT OF PORE SPACE. 
GAS / OIL RATIO = 1300 SCF/BBL. SE fe, 
PROCEDURE: STARTING AT THE LEFT SIDE OF SEONG 
THE CHART, PROCEED HORIZONTALLY ALONG THE NIN 20 
2250 PSI LINE TO A FORMATION VOLUME FACTOR IND ESA ES 
OF 1.6. NOW RISE VERTICALLY TO THE 1300 SCF/ NX Kb Po AP 
BBL LINE. THEN GO HORIZONTALLY AND READ AN NIN 
ULTIMATE RECOVERY OF 16,0 PER CENT. NIN N 
N 
SEE FIGURE 1. 
krg “kro RELATIONSHIP 
==: 
° 
= 1,0 = 
= QY NG N NX 
= 
F on N 
1000 ON NX 
0.01 N 
= = 
TOTAL LIQUID SATURATION xe Ni 
PER CENT OF PORE SPACE “he 1500 XY > 
S 4 
NOTE: By, 1750 N= 
AS HERE USED “ULTIMATE OIL 2000 
RECOVERY” IS REALIZED WHEN THE 
RESERVOIR PRESSURE HAS DECLINED 250 Neer 
FROM THE BUBBLE-POINT PRESSURE 2 NG 
TO ATMOSPHERIC PRESSURE. 4000 SCT. 
UNITS ARE RESERVOIR BARRELS - 
PER BARREL OF Sens FORMATION: VOLUME FACTOR 
SOLUTION GAS / OIL ~ 
UNITS ARE STANDARD CUBIC FEET 
PER BARREL OF RESIDUAL OIL. 
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oil saturation, fraction of pore space; 


and C is a constant = 0.25 in th 
calculations. 


ese 


The k,,/k,. ratio vs saturation 
curves calculated with the equation 
are shown in Fig. 15. Since every 
value of interstitial water saturation 
yields a different k,,/k,, ratio curve, 


Fig. 15 shows the k,,/k,. ratio 


VS 


total liquid saturation with interstitial 


water as a parameter. These curves 
are the result of a data correlation. 
As such, they exhibit trends observed 


in data, but, obviously, they 


duplicate nor are they characteristic 


of all k,,/k,. ratio curves. 


DISCUSSION 


The nine charts for estimating 
ultimate oil recovery from solution 


gas-drive reservoirs are presented in 
Figs. 1 through 9. Each chart incor- 
porates a sample calculation to dem- 
onstrate the method of operation. For 
these charts, the interstitial water 
saturation determines the relative per- 
meability ratio-total liquid saturation 
relationship. Values of bubble-point 
pressure, oil formation volume fac- 
tor, and solution gas-oil ratio shown 


do not 


34 
EXAMPLE I SCRA TS 
NIRS INTERSTITIAL WATER IS ASSUMED TO BE 
REQUIRED: ULTIMATE RECOVERY FROM A SYSTEM : TNNSENASRSSSNOARAA ae 50 PER CENT/OF PORE SPACE AND DEAD OIL 
HAVING A BUBBLE POINT PRESSURE = 2250 PSIA, N KA K VISCOSITY AT RESERVOIR TEMPERATURE TO 
FORMATION VOLUME FACTOR = 1.6, AND A SOLUTION ; Nj NON 30 BE ONE HALF CENTIPOISE ; 
GAS / OIL RATIO = 1300 SCF/ BBL. SOND EQUILIBRIUM GAS SATURATION IS ASSUMED 
h 28% TO BE FIVE PER CENT OF PORE SPACE. 
PROCEDURE: STARTING AT THE LEFT SIDE OF N MARRS 
THE CHART, PROCEED HORIZONTALLY ALONG THE 
2250 PSI LINE TO A FORMATION VOLUME FACTOR 
OF 1.6. NOW RISE VERTICALLY TO THE 1300 SCF/ IN 2a, 
BBL LINE. THEN GO HORIZONTALLY AND READ AN 
ULTIMATE RECOVERY OF 21.6 PER CENT. 
AN 
SEE FIGURE I. N 
SCN 
BANS 
} 
1.0 
= 
50 60 70 80 90, 100 
TOTAL LIQUID’ SATURATION - fe) 
Niza N te 
+ 
% 4 N < 
UNITS ARE STANDARD CUBIC FEET ‘9 
PER BARREL OF RESIDUAL OIL. FORMATION VOLUME FACTOR 
Fic. 7—Cuart ror Estimatinc Uttimate Recovery FROM SOLUTION GAS-DRIVE RESERVOIRS. 
EXAMPLE I 32 NOTE: 
NX) 
REQUIRED: ULTIMATE RECOVERY FROM A SYSTEM SPN 30 
HAVING A BUBBLE POINT PRESSURE = 2250 PSIA, a SASS NS < RECOVERY” IS REALIZED WHEN THE 
FORMATION VOLUME FACTOR = |.6, AND A SOLUTION MINA AA oN 28 RESERVOIR’ PRESSURE HAS DECLINED 
GAS / OIL RATIO = 1300 SCF/BBL. AAA ic & FROM THE BUBBLE-POINT PRESSURE 
PROCEDURE: AT THE LEFT SIDE OF aN UNITS ARE RE 
CEED HORIZONTALLY ALONG THE SERVOIR BARRELS 
2250 PSI LINE TO A FORMATION VOLUME FACTOR KI 2s PER BARREL OF RESIDUAL OIL 
OF 1.6. NOW RISE VERTICALLY TO THE 1300 SCF/ Agalss NON Jeg SNORE oy SOLUTION GAS / OIL RATIO 
BBL LINE. THEN GO HORIZONTALLY AND READ AN SINE ARE STANDARD CuBic-FEET 
ULTIMATE RECOVERY OF I7.6 PER CENT. PER BARREL OF RESIDUAL OIL. 
20 
EXAMPLE I SOK NSE 
° NAS NX 10 <G 
= 
= 40, 
- 
= 
0:0 500 Net 
50 60 7o 80 390 100 
TOTAL LIQUID SATURATION 
PER CENT OF PORE SPACE %, 1000 
<e 
a 
INTERSTITIAL WATER IS ASSUMED TO BE 
50 PER CENT OF PORE SPACE AND DEAD OIL 2 
VISCOSITY AT RESERVOIR TEMPERATURE TO 
BE TWO CENTIPOISE. 
EQUILIBRIUM GAS SATURATION 15 ASSUMED 
TO BE FIVE PER CENT OF PORE SPACE. % Se 
FORMATION VOLUME FACTOR 
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EXAMPLE I 


REQUIRED: ULTIMATE RECOVERY FROM A SYSTEM 
HAVING A BUBBLE POINT PRESSURE = 2250 PSIA 
FORMATION VOLUME FACTOR = 1.6, AND A SOLUTION 
GAS / OIL RATIO = 1300 SCF/ BBL. 


PROCEDURE: STARTING AT THE LEFT SIDE oF 

THE CHART, PROCEED HORIZONTALLY ALONG THE 
2250 PSI LINE To A FORMATION VOLUME FACTOR 
OF 1.6. NOW RISE“VERTICALLY TO THE 1300 SCF/ 
BBL LINE. THEN Go HORIZONTALLY AND READ AN 
ULTIMATE RECOVERY oF 12.7 PER CENT. 


EXAMPLE 
SEE FIGURE |. 


krg RELATIONSHIP. 


NOTE: 


AS HERE USED "ULTIMATE OIL 
RECOVERY” IS REALIZED WHEN THE 
RESERVOIR PRESSURE HAS DECLINED 
FROM THE BUBBLE-POINT PRESSURE 
TO ATMOSPHERIC PRESSURE. 

FORMATION VOLUME FACTQR 
UNITS ARE RESERVOIR BARRELS 
PER BARREL OF RESIDUAL OIL. 

SOLUTION GAS / OIL RATIO 

iy UNITS ARE STANDARD CUBIC FEET 


4) PER BARREL OF RESIDUAL OIL. 


On 
4, 
14 
12 < 
iq G 
10 
8 


10.0 
| 
10 
< 
==== 
500 
=== 
0.01 %, 


50 60 70 80 90 100 
TOTAL LIQUID SATURATION 
PER CENT OF PORE SPACE 


INTERSTITIAL WATER IS ASSUMED TO BE 
5O PER CENT OF PORE SPACE AND DEAD OIL 
VISCOSITY AT RESERVOIR TEMPERATURE TO 
BE TEN CENTIPOISE. 

EQUILIBRIUM GAS SATURATION IS ASSUMED 
TO BE FIVE PER CENT OF PORE SPACE. 


FORMATION VOLUME FACTOR 


Fic. 9—CwHart ror Estimatinc ULTIMATE Recovery FROM SoLutiIon GAs-pRIVE RESERVOIRS. 


on the charts, but not used in the 
calculations, were obtained by inter- 
polation. Formation volume factors 
of 1.1 and 1.2 bbl/bbl and solution 
gas-oil ratios of 300 and 400 scf/bbl 
were obtained by extrapolation; these 
values are shown as dashed lines on 
the charts. Locations of the 4,000-psi 
point on the pressure axes were ob- 
tained by extrapolation. 


Values of formation volume factor 
and solution gas-oil ratio necessary 
for use of the charts should be ob- 
tained from a differential analysis. If 
only flash (equilibrium) data are 
available, differential data must be 
estimated from the flash data. At 
present, there are no correlations 
available for this purpose, but an 
empirical relationship between flash 
and differential formation volume 
factors is presented in Fig. 16. A 
similar relationship between flash 
and differential solution gas-oil ratio 
is presented in Fig. 17. 

Maximum solution gas-oil ratio 
shown on the charts is 2,000 scf/bbl. 


OIFFERENTIAL LIBERATION OIL 
FORMATION VOLUME FACTOR 


RESERVOIR BBLS/BBL OF RESIDUAL OIL 


(00 1600 2400 3200 4000 


P@ESSURE,PSIA 
Fic. 10—Typrcat Om Formation 
UME FACTOR CURVES VS BUBBLE-POINT 

PRESSURE. 
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This limit was imposed because the 
straight material balance approach 
to primary depletion calculations is 
not adequate for high gas-oil ratio 
fluid systems. The free reservoir gas 
contains components which separate 
as liquids in the stock tank, and a 
different approach to estimating re- 
covery is desirable. 

The meaning of ultimate oil re- 
covery has been restricted here to 
that oil recovered as the reservoir 
pressure declined from the bubble- 
point pressure to atmospheric pres- 
sure. If the reservoir fluid is under- 
saturated at the initial reservoir pres- 
sure, the total recovery would be 
the sum of (1) the recovery due to 
fluid expansion as the reservoir pres- 
sure decreased from the initial value 
to the bubble-point pressure, and (2) 
the ultimate oil recovery estimated 
by means of one of the charts. 

Charts may be used to estimate 
only the ultimate oil recovery—the 
final answer. They cannot be used to 
estimate recovery as a function of 
pressure decline, for the assumption 
of an initial total liquid saturation 


3000 


2400 


1800 


1200 


GOR, SCF/BBL OF RESIDUAL OIL 


DIFFERENT! AL LIBERATION SOLUTION 


B00 1600 2400 3200 4000 
BUBBLE-POINT PRESSURE, PSIA 


Fic. 11—Typicat Sotution Gas-ort Ra- 
TIO CuRVES VS BUBBLE-POINT PRESSURE. 


equal to 100 per cent of pore space 
prohibits it. 

Ultimate oil recovery figures are 
expressed in terms of residual oil. 
The reason for this is that differen- 
tial liberation was presumed to occur 
within the reservoir, and the end 
product of a differential liberation is 
residual oil. However, ultimate oil 
recovery may be obtained as a per- 
centage of the stock-tank oil initially 
in place by performing the necessary 
calculations. All data necessary to 


compute the reservoir oil saturation 


at atmospheric pressure are available 
in this paper. When both differential 
and flash liberation data are available 
or can be estimated, the tank oil 
recovered can be determined. A cal- 
culation of this type is shown in 
| 

Ultimate oil recovery on the charts 
is expressed as a percentage of the 
initial oil in place, which depends 
upon the oil formation volume fac- 
tor and the reservoir oil saturation. 
Since the fractional reservoir oil sat- 
uration is the quantity one minus 
the water saturation minus the gas 
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. 13—Gas-SAaTURATED VISCOSITY 
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saturation, it is apparent that water 
saturation is directly involved in cal- 
culating the ultimate oil recovery 
figures on the charts. 


Maximum deviation from the cal- 
culated value of ultimate oil recovery 
is one-half recovery per cent for all 
charts. However, recovery figures ob- 
tained by means of the charts should 
be regarded as estimates since prop- 
erties of reservoir systems, as well as 
hydrocarbon systems, depart in vary- 
ing degree from the assumed proper- 
ties listed earlier. Additional data for 
constructing the charts would have 
been desirable in order to more thor- 
oughly check them, but results ob- 
tained compare very well with results 
of similar depletion calculations pre- 
sented by Muskat.’ However, in de- 
scribing the systems he investigated, 
Muskat did not provide sufficient in- 
formation in all cases.so that recovery 
from identical systems can be esti- 
mated from the charts. Even so, 
those systems for which a comparison 
could be checked within two recovery 
per cent. The reservoir systems used 
for the charts are listed in Table 1. 


Interstitial water saturation and 
dead-oil viscosity of an actual reser- 
voir system may not correspond 
exactly to any one of the charts. In 
this case, interpolation will be neces- 
sary. Consider the following system. 


Interstitial water saturation 
Dead-oil viscosity cp 
Oil formation volume factor 1.6 bbl/bbl 
Solution gas-oil ratio 1,300 scf/bbl 
Bubble-point pressure 2,250 psia 


The above values of B,, R, and 
bubble-point pressure are found on 
all charts, but there is no chart for 
20 per cent interstitial water satura- 
tion or dead-oil viscosity of 1 cp. 
The method to be described is sug- 
gested as a_ suitable interpolation 
procedure. 


Use each of the nine charts ‘to 
determine ultimate oil recovery for 


20 per cent pore space 


Table 1—Reservoir Systems Used to Develop 
Ultimate Oil Recovery Charts 


o> 
vs 
$23 
gee 
750 100 1.10 1.06 
750 500 1.30 1.08 
1,500 50 1.30 1.07 
1,500 1,000 1.30 1.07 
1,500 1,000 1.50 1.09 
2,250 1,000 1.50 1.08 
2,250 1,000 ~.1,80 1.11 
2,250 1,500 1.50 1.08 
2,250 1,500 1.80 Aaa 
,250 2,000 1.80 1.11 
3,000 1,500 1.80 1.09 
3,000 1,500 2.10 eth! 
3,000 2,000 1.80 1.09 
3,000 2,000 2.10 1.11 
3,000 2,000 2.50 1.13 


the given values of B,, R, and bubble- 
point pressure. Values so obtained 
are given in the following table. 


Ultimate oil recovery 


ee for interstitial water saturation 
(cp) 10 per cent 30 percent 50 per cent 

10 17.8 16.0 T2377 

2 26.7 23.8 17.6 

Wp 35.8 30.8 21.8 


Now plot ultimate oil recovery vs 
interstitial water saturation with 
dead-oil viscosity as the parameter. 
From the curves read values of ulti- 
mate oil recovery at 20 per cent in- 
terstitial water saturation for dead- 
oil viscosities of 10, 2, and % cp. 
These values are as follows. 


Dead-oil 
viscosity, Ultimate oil recovery 
(cp) (per cent) 
10 17.0 
2 
33.6 


Next, plot dead-oil viscosity vs 
ultimate oil recovery and read an 
ultimate oil recovery of 29.4 per cent 
for a dead-oil viscosity of 1 cp. 
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ABS 


Two-dimensional analyses offer considerable promise 
in providing the basic information required to effect 
more precise control of petroleum reservoir perform- 
ance. This paper describes a method for conducting 
sume engineering analyses of this type using a high- 
speed digital computer. The general approach is to (1) 
develop a representative numerical model of the reser- 
voir and (2) employ a suitable numerical technique to 
solve the basic equation of flow and to develop the re- 
quired engineering information for the particular case 
represented by the model. 

This technique has been used to calculate pattern 
performance in connection with several field projects 
involving water injection into oil reservoirs. This type 
of analysis involves sequentially (1) calculating the pres- 
sure distribution in the reservoir and (2) tracking the 
progress of the interface between the displaced and dis- 
placing fluids in a step-wise manner to provide a de- 
pletion history of the operation. 

The particular analysis presented in this discussion 
is subject to the restriction that the mobility of the dis- 
placed and displacing fluids be equal and assumes that 
the fluids are incompressible and that gravity and capil- 
lary pressure do not affect the shape of the flood pat- 
tern. Complete two-dimensional flexibility is maintained 
with regard to definition of reservoir rock and fluid 
characteristics, placement of physical restraints and 
boundary conditions, investigation of flow character- 
istics in the reservoir, and movement of the. displaced 
and displacing fluid interface. 

The results of these studies indicate that the high- 
speed digital computer is well suited for conducting res- 
ervoir performance studies in two-space dimensions and 
that dependable numerical techniques are available for 
making such analyses. 


INTRODUCTION. 


One of the problems facing petroleum engineers is 
that of providing more precise engineering control over 
reservoir operations at all stages during the depletion 
cycle. The most direct approach to this problem is to 
simulate the reservoir with some type of physical or 
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mathematical model and use the information developed 
from the behavior of the prototype to predict the per- 
formance of the actual reservoir. This principle is, of 
course, not new, and a variety of simulation techniques 
have been developed to provide information on the be- 
havior of oil and gas reservoirs. 


One straightforward refinement of present reservoir 
analysis techniques is the progress from one-dimensional 
reservoir models to those where the reservoir can be 
represented in two- and three-space dimensions. Multi- 
dimensional reservoir analyses are desired in order to 
show not only what is happening in the reservoir but 
in addition to show where in the reservoir the various 
phenomena of interest are occurring. 

Thus far, two-dimensional analyses have been con- 
fined predominantly to potentiometric and electrolytic 
model studies.”” However, when large numbers of wells 
are involved and where large-scale models are required, 
such problems become very tedious and instrumenta- 
tion problems become acute.’ It is possible through use 
of numerical methods and general purpose digital com- 
puters to avoid many of the instrumentation difficulties 
and to relax somé of the restrictions of previous tech- 
niques. The purpose of this paper is to discuss some 
recent experiences with the use of high-speed digital 
computers for predicting pattern performance in fluid 
injection operations and to describe the numerical pro- 
cedures which have been used for making such analyses. 


THE NUMERICAL MODEL 


The problem of representing the reservoir with an 
appropriate numerical model is composed of at least 
two important considerations. The first requires that 
an adequate description of the reservoir mechanism be 
formulated in the form of the basic differential equa- 
tion describing the process. The second consideration is 
definition of the physical characteristics of the reservoir. 
The latter requires that representative basic data be ob- 
tained, examined, and interpreted to provide sufficient 
detailed definition of the pertinent physical properties 
throughout the system. 


THE DIFFERENTIAL EQUATION 


One of the basic assumptions made for the purpose 
of performing the two-dimensional studies being dis- 
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cussed here was that a distinct oil-water interface is 
formed and a single fluid, either water or oil, respec- 
tively, is flowing in the predominantly water-saturated 
or oil-saturated regions of the reservoir. Then, for sin- 
gle-phase flow in regions on either side of the interface, 
the basic differential equation which describes the pres- 
sure distribution in the reservoir is 


(1) 
if the effects of gravity are negligible. 
Eq. 1 extended to incorporate varying fluid mobility 
and formation thickness can be written 


kh o 
Ox \ pw Ox dy \ pw oy ot 


In the studies discussed here, both the water and oil 
were assumed to be incompressible and their mobilities 
equal. Under these conditions the analysis becomes sim- 
pler, and computational requirements are greatly re- 
duced. Eq. 2 then reduces to 


0 ap 0 Op 
Ox (« oy («i (3) 


which is Laplace’s equation modified to permit use 
of variable coefficients. 

Numerical methods for solving partial differential 
equations such as Eq. 3 usually involve replacing the 
derivatives by finite differences and solving the result- 
ing difference equations to obtain the pressure distribu- 
tion. A convenient procedure which may used in 
formulating the difference equations is to start with a 
grid network which can be superimposed over a scaled 
map of the reservoir. This grid or integration net serves 
as a reference framework for formulating the appropri- 
ate difference equations. An example of this procedure 
is shown in Fig. 1. For a typical set of grid intersec- 
tions adjacent to a typical point, i, j, a difference equa- 
tion analog of Eq. 3 for a square mesh (Ax = Ay) is 

where q;,; has been added to permit injection or with- 
drawal of fluid from a grid intersection if a producing 
or injection well is located at this point. The coeffi- 
cients, kh,,; and kh,,,, apply to the intervals between 
the i and i+ 1 intersections and between the j and 
j + 1 intersections, respectively. 


DEFINING THE RESERVOIR 


The superimposed grid network referred to in the 
previous paragraph can also be employed as a reference 


ya 
f Ax [ay i+] 
Sg j-| 
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framework to define the physical characteristics of the 
reservoir. A technique which has been found to be con- 
venient for preparing basic data is to construct detailed 
isopachous and isopermeability maps from well logs, 
laboratory core analyses, and well testing information. 
Then by superimposing the integration net on these 
maps, appropriate values of permeability and thickness 
can be assigned to each grid point. These basic data 
“matrices” then compromise the catalog of basic data 
used throughout the reservoir engineering analysis. 


Another requirement for defining the physical system 
being studied is imposition of the appropriate boundary 
and initial conditions. One frequently encountered prob- 
lem is the reservoir whose boundaries are closed to 
the flow of fluids. For problems of this type, the physical 
boundary can be simulated by assigning zero permeabil- 
ity to all intervals outside the limits of the reservoir. 
In Fig. 1, this would correspond to assigning zero per- 
meability to all intervals involving any of the open- 
circled intersections. 

If the region of interest is completely symmetrical 
with respect to its surroundings, a reflection boundary 
may be specified to insure no flow across the regional 
boundaries. Cases arise where other than closed-bound- 
ary situations have to be handled, such as the influx 
of water across a particular portion of the field bound- 
ary. In cases such as these, appropriate constants or 
functions have to be introduced into the calculation 
to produce the proper magnitudes of flow at these 
boundaries. 

One other restriction or boundary condition which 
must be placed on the model is the production or 
injection rate assigned to those mesh points in the 
model which represent either production or injection 
wells. The gq term in Eq. 4 permits the use of any grid 
intersection as a production or injection point. 


COMPUTATION PROCEDURE 


The pattern performance computation can be sub- 
divided into three major parts: (1) pressure computa- 
tion, (2) front movement and (3) adjustment of the 
production-injection schedule. For a mobility ratio of 1, 
the pressure distribution is a unique function of the 
production-injection schedule, and the pressure compu- 
tation is repeated only where the adjustment called for 
in Part 3 is made. An adjustment is made in the pro- 
duction-injection schedule each time a production well 
is flooded and removed from the pattern or each time 
an injection well is added. On the other hand, accuracy 
of flood front movement requires that points on the 
flood front be advanced in rather small distance incre- 
ments. The result of this is that the front movement 
computations are generally made more frequently than 
are Parts 1 and 3. This sequence of events is illustrated 
in Fig. 2 for a hypothetical case. The entire pattern 
performance calculation can be handled automatically 
within the computer and a flow chart of the procedure 
is included as Fig. 3. 


PRESSURE COMPUTATION 


The numerical technique used for most of the pres- 
sure distribution calculations was the “alternating direc- 
tion implicit” procedure (ADIP) proposed by Peace- 
man and Rachford.* This method has received consider- 
able study, and its characteristics are fairly well known. 
Also, the works of Peaceman, et al, indicated this meth- 
od to be one of the most efficient from the standpoint 
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of computational requirements.*’ When used for solving 
the Laplace difference equation, the ADIP is an itera- 
tive technique in which successively more refined values 
of pressure continuously replace older values until con- 
vergence to the solution to any desired accuracy is 
achieved. It has been shown that the procedure requires 
approximately (2 In N)/N* as many numerical opera- 
tions for solution to the Laplace equation as does the 
best previously known iterative procedure. 


Basically the ADIP is a two-step process involving 
two difference equations rather than the usual one. In 
the case where it is used to iterate to the solution of the 
Laplace equation, each step of iteration is considered 
as a time step of a corresponding unsteady-state prob- 
lem. Thus, if we consider the equation, 

2 2 

the ADIP requires for the first step that one of the 
second derivatives be replaced with a second difference 
expressed in terms of the unknown values of p while the 
other second derivative term is to be evaluated in terms 
of p’s at the known time level. The second step is 
performed in a similar manner reversing the positions 
of the second derivative terms with respect to known 
and unknown values of p. The resulting difference 
equations would be 


Ax’ Ay” 
(n+1) __ 
At ‘ 
and 
Ax’ Ay’ 
(m+1) 
At 


where the superscripts n, nt+1, and n+2 refer to time 
levels. If Ax = Ay, the equations can be written in 
more convenient form, 


[Di-s,; y) jt Pin, | [Di.5-1 Y) 

and 


*Where N® is the number of points in the model. 
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Assemble All Constants and Initial Values 
for Convenient Use in Computations 


Pressure Computation Phase 


Pressure Level is Computed at Each 
Grid Intersection in the Model 


Front Movement 


ree Movement of Front is Tracked by 
Computing Particle Velocity at Various 
Points on |ts Perimeter 


Front Location Test 


Point Locations are Tested for the 
Purpose of Determining Whether Any 
Production Wells Have Been Bypassed 


N 
| Yes 


J Well Test 


4 A Test is Made to Determine 
Whether All Producing Wells Have 
Been Reached by the Front 


Complete 


Allowable Transfer 


Flooded Allowable Transferred Print Results 
—To Remaining Wells Of Study 


Fic. 3—SIMpPLIFIED FLow DIAGRAM OF 
CALCULATION PROCEDURE. 


Now, if the same procedure is applied to formulate the 
two-part iteration step for Eq. 3, the following equations 
result. 


(Kh) i 43,5 Piss + j-3 


and 


Come 


(n+2) 


(11) 


where y now Finctions as an iteration parameter and 
where q;,; has been added to permit injection or produc- 
tion at point i,j. Although a discussion of the role of 
the iteration parameter in numerical processes is beyond 
the scope of this paper, the use of optimum values of y 
can have an important bearing on the rate of con- 
vergence of the process. Therefore, it is usually efficient 
to make an estimate of the best value or sequence of 
values to use in a particular problem and to adjust these 
as necessary if the rate of convergence of the calcula- 
tion is abnormally slow.’ 

Eq. 10 is said to be implicit in the x-direction while 
Eq. 11 is implicit in the y-direction. The second- 
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Initialization 
— 
| 
| 
|| 


bracketed term of each equation represents either the 
initial values or the values calculated during the previous 
iteration. 

To solve for pressure distribution in a typical prob- 
lem, the following procedure is given. 

1. Eq. 10 is written row by row for each point in the 
model. This results in a set of simultaneous equations 
for each row which can be arranged into a matrix of 
_ tridiagonal form and solved fairly conveniently by an 
elimination technique (see Eq. 14). 

2. Similarly and after completion of the pressure 
computation for all rows in the model, Eq. 11 is written 
column by column for each point in the model. The 
resulting sets of equations are solved for new pressure 
values throughout the model as in the previous step. 
Computed pressure values from ‘Step 1 become the 
known values for Step 2 and vice versa. 

These two steps complete one iteration step, and this 
sequence of operations is repeated as many times as 
necessary until convergence is attained. 

For computing convenience, the numerical model is 
completely reproduced within the computer. The model 
then takes the form of five data matrices. (The term 
data matrix applies to the block of information formed 
by specifying the value of the reservoir data parameter 
at corresponding points in the integration net.) These 
five matrices are: (1) x-direction permeability corre- 
sponding to intervals between grid points in the x-direc- 
tion; (2) y-direction permeability corresponding to 
y-direction mesh intervals; (3) reservoir thickness at 
grid intersections in the model; (4) a q-matrix which 
contains the production or injection rate corresponding 
to each point in the model (this value is, of course, 
zero for all points not representing injection or produc- 
tion wells); and (5) a p-matrix which always contains 
_ the current value of reservoir pressure at each point in 
the model. 

Fig. 4 shows how these matrices are fitted to the 
integration net to form the desired model. Values of h 
for use in the coefficients kh of Eqs. 10 and 11 are 
obtained by interpolation. 

With the data arranged as shown in Fig. 4 and with 
permeability values of zero assigned at all mid-points 
in the integration net outside the boundaries of the 
reservoir, it is possible to perform the entire pressure 
distribution computation with one pair of difference 
equations which applies equally to all interior and 
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boundary points. To illustrate, Eq. 10 can be written, 


by making substitutions, 
A, = (kh) 
B, = — [(kh)ig + (KA) 
G == (Kh) 
D, = [come [(kh) 


n 


Eq. 12 is written for all points along a typical row or 
column (e.g., Row 2 of Fig. 4). The basic set of simul- 
taneous equations for an N + 1 point row will take 
the form, 
Ag +: =D, 
A,Do Crp, = D, 
Ayp Bypw + Cy = Dy, 
where the A, and Cy terms are always zero. 


As zero permeability has been assigned to all mid- 
points of the integration net outside the reservoir, solu- 
tion of the above set of equations produces non-zero 
values of p only for points within the reservoir. 

The set of equations can be solved* using a non- 
iterative technique as follows. 


Ci i+1 
where 
w, = B,, w; = B; 
WwW, Wi 


The values of g; and w; are computed in order of in- 
creasing i followed by the evaluation of p; in order of 
decreasing i. 

A check on the progress of the pressure calculation 
can be obtained by solving Eq. 15 for each point in the 
model after each double step. 


+ (Kh) ( — RAS (kh) 

The value, 5, is squared and accumulated for all 
points in the mesh. As the correct solution to the prob- 
lem requires that 8 equal zero for each point in the 
mesh, the procedure given provides a convenient means 
of monitoring the progress of the calculations. The 
computation can generally be considered complete when 
the rate of change in the magnitude of this number 
becomes insignificant for several double steps. 

Fig. 5 summarizes the essential steps from the start 
of the problem through completion of the pressure 
computation phase. The final result is the steady-state 
pressure distribution for a particular schedule of pro- 
duction and injection rates. 


BOUNDARY MoOvEMENT COMPUTATION 


Both manual and automatic methods have been 
employed for tracking movement of the flood front 
through the reservoir. The procedure is essentially the 
same in either case and is based upon computing the 
particle velocity at various points on the flood front. 
The velocity of each point is multiplied by a specified 
time interval, and this product is added to the coordi- 
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Step | 

Compute Pressure Distribution with Equation 10 
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Step 2 


Compute Pressure Distribution with Equation II 
Known Values are Those Computed Above 


Step 3 


Compute =82 Using Equation 17 


Convergence Test 


Is Rate of Change of 35? Negligible? 


No 
Yes 


Pressure Computation Complete 


Transfer to Front Movement Phase 


Fic. 5—FLow D1acram FOR PRESSURE 
CoMPUTATION. 


nates of the point to determine its new location. The 
process is followed repeatedly until the front reaches 
or floods out a production well. When wells are flooded 
by the displacing fluid, they are generally shut in, and 
the allowable is either transferred to other producing 
wells in accordance with the field rules or dropped from 
the production schedule if transfer is not possible. At 
this time, the pressure distribution is recalculated, and 
the boundary movement is repeated until another well 
is flooded. This process is continued to depletion of the 
reservoir. 

In the automatic tracking procedure,’ the velocity 
calculation, front movement, and allowable transfer is 
all handled internally by the computer. The problem is 
started by spacing an arbitrary number of points evenly 
around a small cifcle about each injection well. The 
movement of each point is tracked stepwise throughout 
ue history of the project. The location of the front 
may be constructed by connecting the points having a 
common time level. Experience has shown that approxi- 
mately 50 points per well are sufficient for accurate 
front location in most problems. 

After the pressure distribution is calculated the x and 
y components of velocity are computed at each grid 
intersection in the model, e.g., 


(Diss Pi, ( ) 


The maximum velocity computed is used to determine 
a time interval which will restrict the movement of any 
point to some specified maximum distance during the 
step. This action insures that local velocity gradients 
will not severely affect the accuracy of the tracking 
procedure. The velocity at which any point is moving is 
determined by bilinear interpolation between velocities 
at the four surrounding intersections. New point loca- 
tion is obtained by multiplying the component velocities 
of the point by the time interval and adding the prod- 
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ucts to the coordinates of the point at the previous time 
level. 

Each time a point is moved its new location is com- 
pared with the locations of the production wells. If any 
point falls within a specified radius about any produc- 
tion well, the well is considered to have been reached 
by the flood front. When a well is invaded, a choice is 
made as to whether the well will continue to be pro- 
duced or will be shut in and its allowable disposed of 
in some manner (such as transferred to another well). 
All of the factors involved in allowable transfer such 
as well capability, field rules, and the like must be 
specified in advance in order for the computation to 
follow the actual sequence of events properly. 

When all wells have been flooded, this situation is 
recognized by the computer, and the calculations are 
halted. Fig. 6 illustrates the flow of computations during 
this phase of the problem. 


DISCUSSION OF RESULTS 


Most of the field studies which have been performed 
to date have involved (1) selection of optimum injec- 
tion patterns, (2) evaluation of performance of reser- 
voir flooding operations, or (3). evaluation of pilot 


‘waterflood projects. To illustrate the first application, 
‘Figs. 7 and 8 show two patterns obtained during the 


study of an actual reservoir. The contours represent 
equal-time lines for each pattern. Some of the prob- 
lems peculiar to each pattern are apparent in the illus- 
trations. For example, considering the end-to-end pat- 
tern, a large “pocket” of oil is left trapped in one area 
of the field where the flood fronts do not coalesce 


Velocity Calculation 


Two Additional Data Matrices are Developed: 
|. V, - Matrix for X-Component of 
Velocity at Each Grid Point 
en Vy - Matrix for Y-Component of 
Velocity at Each Grid Point 


Time Step 


Compute Time Step Based on Maximum 
Velocity Calculated in Step | 


Front Movement 
Component Velocity of Tracking Points 
are Computed by Interpolation Within 


the Velocity Matrix. New Point Location 
is Computed by: x44, = xX, + Vv, (At) 
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evenly. The peripheral-type pattern invades a lesser 
volume of the reservoir before flooding all wells and also 
indicates early flooding of the better located production 
wells. 

In the preceding example, the reservoir was repre- 
sented with a rectangular integration net containing 
approximately 1,400 grid points, approximately 1,000 of 
which were contained within the productive area of the 
reservoir. As there was a total of 25 injection and pro- 
duction wells in the reservoir, this arrangement resulted 
in an average density of approximately 40 grid points 
per well. When scaled to reservoir dimensions, the mesh 
interval between grid points was about 315 ft. The 
results of this study indicated that this size integration 
net provided sufficient definition of the reservoir and 
permitted accurate tracking of the water-oil front move- 
ment. 

A large commercial computer (IBM 704) was used 
for the calculations described. The computing time 
required for the initial pressure distribution calculation 
was approximately 15 minutes. After the first pressure 
calculation was completed, results of the preceding cal- 
culation could be used as the initial pressure distribu- 
tion estimate for the cases which followed. The more 
realistic starting pressure distribution greatly reduced 
the number of iterations required, and all succeeding 
calculations of pressure distribution required approxi- 
mately 20 per cent as much time as the initial calcu- 
lation. The total machine time including all pressure 
and front movement computations required to complete 
the problem was approximately three hours. 

An attempt was made to duplicate the results of the 
study illustrated in Figs. 7 and 8 on a much smaller 
electronic computer. The integration net used in the 
latter problem included 256 grid points of which ap- 
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proximately 150 were included within the field bound- 
aries. The point density in this case was approximately 
six per well, and the mesh interval in the numerical 
model represented approximately 900 ft in the reservoir. 
The small computer did not have sufficient storage 
capacity to permit inclusion of the automatic boundary 
movement program, and only the pressure computation 
was made on the computer. Approximately 60 hours of 
computing time was required to develop one pressure 
distribution. Subsequent attempts to move the flood 
front indicated that the grid density used in this example 
was too small to provide accurate duplication of the 
results developed using the finer grid. 

Another pattern performance study involved evaluat- 
ing the flood performance of a portion of a large pres- 
sure maintenance project to explore the effect of altering 
the reservoir injection pattern. In this case, the well 
density in the reservoir was rather high, and the use 
of a 1,500-point integration net provided less than five 
grid points per well which, in most cases, meant there 
was only one grid point between wells along a coordi- 
nate axis. An attempt to solve the problem using the 
1,500-point grid was unsuccessful as the scarcity of 
pressure information between wells prevented accurate 
front movement. Consequently, the model was enlarged 
to 6,000 points by halving the mesh interval. This 
resulted in a point density of about 16 points per well, 
and the mesh interval represented 500 ft in the reser- 
voir. With this finer grid, the experience was compar- 
able to that obtained on the previous problem. The 
pressure computation for the 6,000-point grid required 
approximately 55 minutes per case on the large com- 
puter. 

A second variation of the basic pattern performance 
problem arose in connection with evaluating the per- 
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formance of an isolated five-spot waterflood operation. 
The pilot flood was located within a very large produc- 
tive area, and interpretation of field performance was 
complicated by an anisotropic reservoir permeability 
situation known to be characteristic of this area. This 
situation was further indicated by the very rapid break- 
through of injected water in some wells far removed 
from the injection area and delayed breakthrough in 
other. wells very close to the injection area. 


In this particular case, all reservoir properties were 
considered to be uniform except for permeability, which 
was assumed to be several times greater in one direction 
than along the normal to this axis. An analytic solution 
to Laplace’s equation was used to compute pressure, 
and the contribution of each well in the system was 
accumulated using the superposition principle to pro- 
vide the pressure values at points of interest. Front 
movement was computed automatically in the manner 
described previously. The orientation of the axis of 
greater permeability and the ratio of the permeabilities 
were varied until the best match of time and order of 
water breakthrough into the producing wells was ob- 
tained. All computations including the front movement 
were performed on the large computer, and the entire 
analysis was completed in approximately three hours. 


Fig. 9 illustrates the results of the pilot waterflood 
study. It can be seen that the indicated pattern per- 
formance of this five-spot and the probable ratio of the 
amount of oil flooded from the lease to that produced 
from the pilot area varies considerably from that usually 
observed in similar operations where the reservoir is 
more homogeneous. The experience emphasizes the 
hazard of basing quantitative appraisals of field per- 
formance on results obtained from idealized cases. 


CONCLUSIONS 


The extension of analyses to include studies of reser- 
voir performance in two space dimensions should result 
in a marked improvement in reservoir engineering. Such 
analyses improve the dependability of reservoir per- 
formance predictions and provide field and other operat- 
ing personnel with additional engineering information 
of value in conducting production operations. 

The results of these studies indicate that the high- 
speed digital computer is well suited for studying reser- 
voir performance in two and three space dimensions 
and that dependable numerical techniques are available 
for making many such analyses. Experience to date 
with both large and small computers indicates that the 
large computer is the more practical of the two for 
reservoir-scale, two-dimensional calculation work. 
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NOMENCLATURE 


k = permeability 
h = thickness 
= fluid viscosity 
p = pressure 
q = production or injection rate 
C = compressibility 
= porosity 
v = front velocity 
= fraction of oil displaced 
t =time 
y = iteration parameter 
_N = number of points along typical row 
or column 
= residual, measure of convergence 
= distance coordinate ~ 
= distance coordinate 
= coefficient terms defined in text 
= subscript indicating i grid intersec- 
tion in x-direction 
subscript indicating i‘" grid intersec- 
tion in y-direction 
n = superscript indicating n‘” time step 
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Fluid Dynamics During an Underground 


ABSTRACT 


This paper presents a method of 
prediciing the production history of 
an underground combustion recovery 
process. A rigorous solution of the 
thermodynamics and hydrodynamics 
involved is beyond the scope of this 
report. However, a practical scheme 
to appraise combustion recovery per- 
formance has been worked out. By 
prudent assumptions, regarding the 
attainment of steady-state conditions, 
a trial-and-error solution, which sat- 
isfies both material balance and three- 
phase relative permeability require- 
ments has been evolved and tested. 

As a combustion zone moves 
through a formation the interstitial 
water, the water of combustion and 
a portion of the oil will be vapor- 
ized. These vavors will move down- 
stream to a cooler region of the for- 
mation where they will condense. 
Part of the remaining oil will be dis- 
placed by the imposed gas drive and 
what remains behind will be con- 
sumed as fuel. The fluids will dis- 
tribute themselves downstream in a 
manner which will satisfy the three- 
phase relative permeability charac- 
teristics of the formation. Three dis- 
tinct zones will exist ahead of the 
combustion zone: (1) a zone termed 
a water bank which contains three 
mobile phases, oil, water and gas; 
(2) a region containing two mobile 
phases, oil and gas, called the oil 
bank; and (3) a zone having the fluid 
saturation distribution which existed 
prior to combustion. 


The mobile water will impose a 


Original manuscript received in Society of 
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vised manuscript received March 14, 1958. 
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water flood on the oil in the region 
containing three flowing phases. The 
process can be visualized as a simul- 
taneous water flood and combustion- 
supported gas drive. It is possible to 
estimate the saturation distributions 
in the water bank and oil bank as 
well as the production history for 
any combustion temperature if the 
porosity, three-phase relative per- 
meability characteristics, oil viscosity 
and initial saturations are known. 
This has been done for injection 
pressures ranging from I to 100 atm, 
oil viscosities of 10 to 1,000 cn and 
porosities from 20 to 40 ner cent. 
Several of these calculations have 
been checked in the laboratory, with 
the result indicating rather good 
agreement between the predicted and 
observed production histories. 


The analytical and experimental 
techniques are described and the 
comparison of predicted and ob- 
served performance. presented. 


INTRODUCTION 


Considerable research by the oil 
industry during the past 10 years 
has been directed toward the ther- 
mal recovery of crude oil. Of all 
schemes considered, the one receiv- 
ing the most attention is in situ com- 
bustion. This is a process in which 
part of the oil is actually burned 
within the reservoir rock. The 
uniqueness of the process lies in its 
potential. Theoretically, this poten- 
tial generates from the following: 
(1) it may open the door to vast 


reserves previously not economically: 


producible, (2) it may induce in- 
creased production rates where low 
rates are now realized and (3) it 
may give high over-all recovery effi- 
ciency. 


GULF RESEARCH & DEVELOPMENT CO. 


The general idea of the process 
has received considerable attention 
in the literature *° and the follow- 
ing brief description is intended for 
orientation only. 


In situ combustion can be visual- 
ized by considering a linear system, 
one end of which represents the in- 
jection well and the other the pro- 
ducing well. The formation at the 
inlet end is raised to ignition temper- 
ature by placing a gas or electric 
heater at the face of the formation 
or by the ignition of thermite, char- 
coal or similar material. While heat- 
ing, the water and part of the oil in 
the heated region is vaporized and 
moved out into the reservoir by the 
injection of gas containing oxygen. 
In addition, part of the oil is dis- 
placed as liquid by the imposed gas 
drive. The oil not displaced is modi- 
fied to an immobile, coke-like ma- 
terial (hereafter referred to as coke) 
by the high temperatures existing im- 
mediately ahead of the combustion 
zone. This coke is used as fuel, and 
the combustion front advances 


through the formation at a temper- 


ature which is probably in excess of 
800°F. As the combustion front ad- 
vances it will drive ahead all inter- 
stitial oil not rendered immobile and 
all interstitial water plus the water 
formed by the combustion of hydro- 
gen. As a result the sand behind the 
combustion zone is freed of all oil 
and water. 


Although the general description 
of the process has been outlined in 
the literature, there has been no con- 
sideration of the behavior of the 
fluids moving downstream from the 
combustion front. It is the purpose 
of this paper to present a technique 


*References given at end of paper. 
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for predicting this behavior and for 
estimating production history during 
an underground combustion process. 


DEVELOPMENT OF THE 
BANK CONCEPT 


Intuitive reasoning leads one to 
the conclusion that the detailed fluid 
behavior must be quite complex. As 
the leading edge of the high tem- 
perature zone advances, a fractiona- 
tion of the oil must occur. Likewise, 
the water is vaporized, and when 
these fluids reach cooler regions con- 
densation will occur. This condensa- 
tion for the oil will in effect be frac- 
tional condensation where the heavier 
materials condense nearer the com- 
bustion zone. Thus, the lighter ends 
of the oil will be condensing and 
mixing with the essentially unmodi- 
fied oil existing at the point of con- 
densation. 


The combined effect of the added 
heat and solvation would result in 
viscosity gradients in the oil. How- 
ever, the experimental evidence in- 
dicates that the temperature ahead 
of the combustion front declines rap- 
idly to the original reservoir temper- 
ature, particularly in the early phases 
of the process. This can also be shown 
mathematically to be true for the 
case of a non-condensable gas. This 
means that a marked reduction in 
oil viscosity will occur for only a 
short interval ahead of the combus- 
tion front. Under these circum- 
stances, the displaced fluids from the 
combustion front move into cooler 
regions where the mobility is low. 
This lack of mobility results in in- 
creased liquid saturation at the ex- 
pense of gas saturation. The result 
is a marked increase in the resistance 
to gas flow. The early experiments 
confirmed this liquid build-up or 
“bank” and it has also been observed 
by other investigators.” 

The process has been considered 
for the case of constant injection 
pressure. If the mean pressure ahead 
of the combustion front is practically 
the same as the injection pressure 
and the viscosities of the fluids are 
not appreciably changed, the dynamic 
behavior of the gas, oil and water 
can be estimated from considerations 
of Darcy’s law and a material bal- 
ance. 

The application of these two fun- 
damental principles results in the 
prediction of three distinct zones 
ahead of the combustion front. The 


first, nearest the front, contains three 


mobile phases, oil, water and gas. 
The second, immediately downstream 
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from the first, contains two mobile 
phases, oil and gas. The third, im- 
mediately downstream from the sec- 
ond, contains two mobile phases and 
represents the reservoir conditions af- 
ter gas driving and just prior to the 
inception of combustion. Hereafter, 
these zones will be referred to as 
the water bank, oil bank and zone of 
initial conditions, respectively. Sub- 
scripts 1, 2 and 3, respectively, will 
be used to distinguish the various 
symbols applicable to these three 
zones. 

The following assumptions must 
bermade: 

1. All fluids are flowing at the 
original reservoir temperature. 

2. The effects of fractional con- 
densation ahead of the combustion 
zone are neglected and the original 
fluids are flowing in all zones. : 

3. The mean pressure is practically 
identical to the injection pressure. 

4. No gravity segregation occurs. 

5. The combustion front advances 
at essentially constant temperature. 

6. The saturation gradient of each 
fluid in the banks is negligible. 

7. The heat losses to surroundings 
are negligible. 

8. The ratio of water produced to 
fuel consumed remains constant. 

The following data must either be 


assumed or known from auxiliary — 


experiments: (1) the difference be- 
tween the initial reservoir temper- 
ature and the peak temperature of 
the combustion front (assumed here 
to be 538°C or about 1,000°F, (2) 
the calorific value of the fuel (as- 
sumed here to be 10,500 cal/gm), 
(3) the ratio of water produced to 
fuel consumed (assumed here to be 
1.3 vol/vol), and (4) the ratio of 
standard volumes of air per volume 
of oil required for combustion (as- 
sumed here to be 10,500 scc/cc). 

These figures are based on the car- 
bon-hydrogen ratio of a typical coke 
formed during the combustion pro- 
cess. 


ANALYTICAL METHOD FOR 
CALCULATING PRODUCTION 
HISTORY 


The general procedure for the cal- 
culations involves the following 
steps: 

1. Calculate the fluid saturations 
in the water bank. 

2. Determine the velocity of the 
front of the water bank with re- 
spect to the velocity of the flame 
front. 

3. Calculate the oil and gas satura- 
tions in the oil bank. 


4. Determine the velocity of the 
front of the oil bank with respect 
to the velocity of the flame front. 

5. Estimate the lengths of the 
banks and the actual pressure dis- 
tribution for the particular system in 
question as a function of distances 
burned. 

6. Calculate the flame front veloc- 
ity and the rates of fluid production 
at each of the assumed distances 
burned. 


7. Calculate cumulative production 
as a function of time. 


STEP 1—CALCULATING THE 
SATURATIONS IN THE WATER BANK 

If the saturation gradient in the 
water bank is to be small, the vol- 
umetric rate of each fluid moving in 
the downstream section of the bank 
must be equal to the volumetric rate 
moving as a result of the advance of 
the flame front. The rate* at which 
oil moves from the flame front will 
be 


v;A(1 — d)p,.C,AT 1 
The heat capacities of the oil, gas 
and water have been neglected in Eq. 
1 because they represent only about 
30 per cent of the total heat capacity 
and tend to be cyclic in that the oil, 
gas and water moving into a cold 
zone give up their heat. 
The rate of oil movement in the 
downstream section of the bank will 
be that which can be caused by the 


pressure gradient established by the 


injected gas, or 
(2) 


These two oil rates must be equal, 
or 


or 


Now, with the assumption that the 
mean pressure is the same as the in- 
jection pressure, the gas rate can be 
calculated for any injection pressure 
and rate of advance. The air rate 
required for combustion (standard 
cc/sec) can be obtained by using the 
expression, 
_ (AT)CA0,500) 


AH.p, 
(4) 
Now, 
Qsc D 


«Throughout this development the double 
primes will indicate liquid rates dependent 
upon the advancing combustion zone. No 
primes will be used when the rates are 
those resulting from the pressure gradient 
imposed by the gas. 
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At any assumed gas saturation dif- 
ferent oil saturations can be arbi- 
trarily assumed and the amount of 
oil which can be moved with the gas 
can be calculated. Using the same 
conditions, the amount of oil which 
must be moved if there is to be no 
change in oil saturation (thus main- 
taining the material balance) can 
be calculated by Eq. 1. At each 
assumed gas saturation there will 
be one oil saturation at which 
q,, = 1,. This is determined by plot- 
ting oil saturation vs (¢,, — q’). 
These calculations are repeated for 
several gas saturations. 


By a similar analysis one can see 
that the rate at which the water can 
be moved by the gas phase must be 
equal to the rate at which it is being 
moved by the advancing combustion 
zone, or 


Now, 


q 
Qwi Ky 1 Pg 


The water being moved forward 
by the combustion zone is that orig- 
inally present plus the water of com- 
bustion. That is, 


— (8) 
AH.p, 

At each assumed gas saturation 
there will be one water saturation 
where q,,=q”,. This is deter- 
mined by plotting water saturation 
vs These calculations 


are then repeated for several gas 
saturations. 


To this point the calculations have 
determined the oil and water satura- 
tions at various assumed gas satura- 
tions which satisfy both the conditions 
of uniform saturation in the bank 
and the three-phase relative perme- 
ability characteristics of the medium 
in which the bank forms. But it is 
also known that the sum of the sat- 
urations must be 100 per cent, or 

Sat Sort Se (9) 


Therefore, the saturation distribution © 


which satisfies Eq. 9 must be ob- 
tained. This can be done by summing 
the oil saturation at which 
is zero at any assumed gas saturation, 
the water saturation at which 
(q,, — %,,) is zero at the same gas 
saturation and the gas saturation 
itself. By plotting S,, + S,, + S,,, vs 
the gas saturation, the gas saturation 
at which the total saturation is 100 is 
obtained; this gas saturation neces- 
sarily satisfies the relative permeabil- 
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ity relationships, the material balance 
and the flow equations. 


Now, from a plot of the gas sat- 
uration at which g,,=q%, vs oil 
saturation, the oil saturation which 
satisfies the assumed conditions can 
be found. From a similar plot of 
water saturation vs gas saturation at 
which q,, = q7”,, the water satura- 


tion can be found. 


In Table 1 the method of calcula- 
tion is tabulated. At each assumed 
gas saturation, oil and water satura- 
tions are assumed and (q,, — q”) and 


(q,, — 4) are determined. Fig. 1 is 
a plot of(q,, — 9”,)as a function of 


water saturation at various gas satura- 
tions. At each gas saturation a water 
saturation is found at which q,, = q”, 


and the condition of uniform water 
saturation is satisfied. Fig. 2 is a 
similar plot for the oil saturations. 


Fig. 3 is a plot of total 


where = and = for 


any gas saturation as a fancies of 
gas saturation. Where this curve 
crosses the 100 per cent saturation 
line it defines the gas saturation that 
satisfies the conditions of uniform 
saturation, material balance and 
Darcy’s law. Knowing this gas sat- 
uration, the corresponding oil and 
water saturations can be read from 
Fig. 4. 

The described calculations will 
determine the three-phase saturation 
distribution in the water bank. Table 
2 shows for sandstones of varying 
porosity the calculated saturation dis- 
tributions in this bank. The three- 
phase relative permeability data used 
were those determined for Berea 
sandstone at the Gulf Laboratories 
(on the drainage cycle) by methods 
described elsewhere.° The residual 
water saturation for this sand was 
found to be 20 per cent. It can be 
seen that the water saturations in the 
water bank are all above the residual 
and all phases have mobility. 


STEP 2—DETERMINING THE 
VELOCITY OF THE WATER BANK 


The volumetric flow rate of the 
water in the oil bank is equal to the 
rate of water flow in the water bank 
augmented or diminished by water 
moved out or left behind as a result 
of the differences in saturation in the 
two banks. That is, 

Now, if the interface between the 
oil and water banks is at the point 
where the water saturation approaches 
the irreducible, q,,. is zero. Then Eq. 
10 becomes 


(10a) 
Solving fo: Ve there results 
Vwi 
= —_.—.. (ll 
Eq. 11 can be solved directly for v.,. 
The velocity of the water bank can 


be expressed as 


STEP 3—CALCULATING OIL AND GAS 
SATURATIONS IN THE OIL BANK 


The volumetric flow rate of the oil 
and gas in the oil bank is equal to 
the rate at which these fluids move in 
the water bank plus what is pushed 
out or left behind as a result of the 
saturation differences in the two 
banks. Analytically this is given by 
Eqs. 13 and 14. 

S41) (13) 
(14) 

‘Dividing Eq. 13 by Eq. 14 results 

in an expression for g,2/do2- 


Qo2 
Sai) 
An independent relationship for the 
same ratio is 


52 Mo 
= 
Doz ) ( ) 


Combining Eqs. 15 and 16 gives 


Lo 


Eq. 17 can be solved for the gas 
saturation, S,., by assuming gas sat- 
urations and determining the cor- 
responding gas-oil relative perme- 
ability ratios until the satisfying con- 
ditions are established. 


STEP 4—DETERMINING THE 
VELOCITY OF THE OIL BANK 
A material balance made on the 
oil bank and the zone of initial sat- 
urations existing downstream from 
the oil bank (i.e., conditions in the 
reservoir before combustion com- 
menced but after gas driving) gives 
(18) 
and 
Qos = Goo + S52). 
(19) 
By dividing ae 18 by Eq. 19, an 
expression is obtained for Gules 
Jos + V.Ap(Sos = 
(20) 
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TABLE 1—CALCULATIONS FOR THREE-PHASE SATURATION DISTRIBUTIONS 


: Gas-oil as-water 
Gas Oil Water relative Praia F Oil rate due water-r 
: : -rate due 
(Sw) ratio ratio (qo1) drive (qw1) flame front !qo1) flame front (quoi) — Go1 qwi-—quwi 
1.52787 0.01793 1.50994 
11 1.39104 0.08473 0.01466 0.01622 1.37638 0.06851 
0.94 0.81043 0.99149 0.01140 0.01949 0.79903 0.9720 
0.195 0.56485 4.77949 0.00853 0.02276 0.55632 5.72873 
-0305 0.062 0.30557 0.00486 0.02602 0.30071 
Ae 0.215 hea 0.4335 0.00159 0.02929 0.04176 
ee 6 0.02026 0.01459 0.00567 
: 21 0.04438 0.01540 0.02898 
15 zo 0.05 0.18640 0.01793 0.16847 
60 0.0562 0.16584 0.01466 0.15118 
ye 0.0708 - 0.13164 0.01140 0.12024 
30 0.102 0.09137 0.00813 0.08324 
0.03949 0.00486 0.03463 
0.01036 0.00159 0.00877 
0.01459 
30 68 0.01371 0.01622 
—0.00251 
0.02519 0.01704 0.00815 
5.8 0.16069 0.01949 0.14120 
1.17 0.79658 0.02258 0.7740 
0.077 0.12104 0.01793 0.10311 
4 0.084 0.11095 0.01466 0.09629 
vn 0.10 0.0932 0.01140 0.08180 
3 0.143 0.06517 0.00813 0.05704 
oa 0.335 0.02782 0.00486 0.02296 
6 1.49 0.00626 0.00159 0.00467 
0.01024 0.01622 —0.00598 
0.02118 0.01704 0.00414 
0.04438 0.01785 0.02653 
: 0.07516 0.01793 0.05723 
4 0.135 0.06904 0.01466 0.01225 0.05438 
7x 5 0.160 125 0.05825 0.00746 0.1140 0.01622 0.04685 —0.00876 
a po 0.221 10.6 0.04217 0.08792 0.00813 0.01949 0.03404 0.06843 
30 oe Soe 2.3 0.01782 0.40522 0.00486 0 02276 0.01296 0.38246 
0.7 0.00340 1.33143 0.00159 0.02602 0.00181 1.30541 
oe: 66 0.01412 0.01704 —0.00292 
g 0.01115 0.01140 0.01225 —0.00025 
ao os 0.995 300 0.00937 0.00311 0.00813 0.01622 0.00124 —0.01311 
a0 ee 1.685 25.2 0.00553 0.03698 0.00486 0.01949 0.00067 0.01749 
2.824 ey 4 0.00330 0.17923 0.00323 0.02276 —0.00007 0.15647 
35 70 0.01331 0.01785 ; —0.00454 
io 375. ae 40 0.02330 0.01867 0.00463 
0.00275 0.01140 —0.00865 
40 20 4.0 0.00233 0.00813 , 0.01225 —0.00580 
30 30 6.1 580 0.00153 0.00161 0.00486 0.01622 —0.00333 —0.01461 
20 40 16.4 49.5 0.00057 0.01883 0.00159— 0.01949 —0.00102 —0.00066 
50 10.1 0.09228 0.02276 0.06952 
* 3 35 140 0.00666 0.01785 —0.01119 
5 32.5 0.339 106.45 0.02749 0.00876 0.01140 0.01704 0.01609 —0.00828 
40 35 0.489 56.90 0.01906 0.01638 0.00813 0.01785 0.01093 —0.00147 
30 37.5 0.985 31.43 0.00946 0.02965 ~ 0.00486 0.01867 0.00460 0.01098 
25 1.692 0.00551 0.00323 0.00228 
Check 
32.6 29.1 38 2.167 50 0.00430 0.01865 0.00457 0.01883 —0.00027 — 0.00018 


Porosity = 20 per cent 


Velocity of combustion front = 0.5 ft/day = 0.000176 cm/sec 


Air required = 51.8 cc/sec ft® 
Oil viscosity = 100 cp 

Air viscosity = 0.018 cp 
Water viscosity = 1 cp 
Injection pressure = 1 atm 


Now 4q,s/qo; can also be expressed by 


Dos Bo 
Dos 3 Lo 


Combining Eqs. 20 and 21 gives 


(21) 


STEP 5—CALCULATING THE 


mean pressure is practically the same 
as the injection pressure. Fig. 5 is a 
plot of fluid saturations as a function 
of pressure. It can be seen that the 
saturations tend to a constant value 


PRESSURE DISTRIBUTION 

In any specific case the pressure 
distribution can be calculated in the 
following manner. In the early stages 


Qos _ + vi — So2) — as the injection pressure increases. of the process, the system contains 

— Sos) The oil saturation changes 4 per cent the three regions, i.e., the water bank, 

Keo Vel [Gy of pore volume as the pressure is in- oil bank and zone of initial condi- 
(2), siecle yr eee (22) creased from 10 to 100 atm. This tions. It is assumed that some definite 


Solution of Eq. 22 gives the velocity 
of the front of the oil bank, v,. This 
velocity can be expressed as 


(23) 


corresponds to a change in mobility 
of only 20 per cent. The gas satura- 
tion changes 3.5 per cent of pore 
volume for the same increase in 


short distance has been burned. The 
lengths of the water bank and oil 
bank can be calculated by Eqs. 24 
and 25, respectively. 


pressure; this represents a change in ly =t{C 1)' 
calculations mobility of 50 per cent. These data and 
P indicate that even a relatively large (CC 


sures, oil viscosities and formation 
porosities. The initial saturation dis- 
tribution in each case was 20 per 
cent water, 20 per cent gas and 60 
per cent oil. The results of these cal- 
culations are shown in Table 2. 
Initially it was assumed that the 
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difference between the mean pressure 
and the injection pressure would re- 
sult in a small change in saturation, 
particularly at pressures above 10 
atm. Thus, the initial assumption 
may be justified. 


The length of the zone of initial 
conditions is equal to the total length 
of the system less the sum of the 
lengths of the distance burned, the 
water bank and the oil bank. 

“In the previous development it was 
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assumed that the mean pressure in 
the different zones was_ identical. 
Actually, of course, this is not true. 
Therefore, it is assumed that the 
continuity of the gas phase is defined 
by 
or Ps = P2 = Ps (26) 
Now Eq. 26 can be written 
k,,AAp,D, op» kysA App; 
Pool 
From Table 2 it can be seen that 
the gas saturations in the water bank 
and oil bank are about the same. 
Realizing this, a weighted mean ef- 
fective permeability to gas can be 
used to estimate the pressure drop 
through these zones. This weighted 
mean effective permeability to gas is 
defined by 


= 28 
2®) 
Eq. 27 can now be written 
ADi.2 fr. Kas 
Ap; Pos L, 
(29) 


where Ap, is pressure drop through 
the water bank and oil bank and 


Pi. is mean pressure in the water 
bank and oil bank. The right-hand 
member of Eq. 29 can now be nu- 
merically evaluated. 


Experimental evidence has shown 
the pressure drop through the burned 
zone to be negligible. Therefore, the 
total pressure drop through the sys- 
tem is the difference between the in- 
jection and production pressures and 
will be equal to the sum of the pres- 
sure drop through Zones 1, 2 and 3. 

Apr = Ap,2 + Ap;, . (30) 
where Ap, is total pressure drop 
through the system. 


Arbitrary values of Ap,, are as- 
sumed and the corresponding values 


of D2, Pe and Ap, established. This 
evaluates the left-hand member of 
Eq. 29 for each of the assumed 
values of The value of 
which gives numerical identity to the 
two sides of Eq. 29 is the pressure 
drop through the water bank and oil 
bank. 


The pressure drop in the individual 
bank is determined in an analogous 
manner. In this case Eq. 29 would 
be written as Eq. 29a and Eq. 30 
would be written as Eq. 30a. 


(29a) 
Ky 
= Ap, + Ap... . (30a) 


In this manner the pressure distribu- 
tion can be evaluated for any posi- 
tion of the flame front. 
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STEP 6—CALCULATING THE FLAME 
FRONT VELOCITY AND THE FLUID 
PRODUCTION RATES 


Once the pressure distribution has 
been established, the gas rate in the 
water bank can be evaluated by 

k,,AA 
(31) 

Pols 


Knowing q,:, the velocity of the 
flame front can be evaluated using 
Eqs. 4 and 5. 


The oil rate through the water 
bank can also now be evaluated, 

The rate of fluid production at any 
time is the rate of oil flow in the 
zone which is at the end of the sys- 
tem. That is, when the zone of initial 
conditions is producing, the gas pro- 
duction rates can be calculated using 
Eqs. 31, 13 and 18. Similarly, oil 


gi 


ol 


(32) 
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production rates can be evaluated 
using Eqs. 32, 14 and 19. No water 
is produced until the water bank has 
reached the producing end of the 
system. 

During the production of the oil 
bank the gas production rates can be 
estimated using Eqs. 31 and 13 and 
the oil production rates can be evalu- 
ated using Eqs. 32 and 14. 

When the water bank is producing 
the gas production rates are evalu- 
ated from Eq. 31, the oil production 
rates from Eq. 1 and the water pro- 
duction rates from Eq. 8. 

The producing gas-oil and water- 
oil ratios at any time can be calcu- 
lated analogously. 


STEP 7—CALCULATING CUMULATIVE 
PRODUCTION AS A FUNCTION OF TIME 


The predicted cumulative produc- 
tion can be calculated by graphically 
integrating the curve of 1/v, vs dis- 
tance burned. This gives the time 
required to burn that distance. Then 
this time is plotted vs the instan- 
taneous production rate at the dis- 
tance burned. Graphical integration 
of this curve results in the cumula- 
tive production at any time. 


PREDICTED PRODUCTION 
HISTORIES 


The production history of a linear 
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TABLE 2— SATURATION DISTRIBUTIONS 


Injection 
Porosity pressure Oil viscosity Three-mobile phase zone Oil bank zone Initial conditions 
(Pi, atm) (Ho, cp) Sg1 Sor Sw1 So2 So2 Swe So3 Sus Sw3 Cc (eg 
49 2 10 30 25 45 = == ae 20 60 20 2.095 = 
40 3 10 23.5 29.8 48 23.9 56.1 20 20 60 20 1.98 
40 10 19.2 30.3 50.7 19.6 60.4 20 20 60 20 1.89 = 
40 2 10 32 56 12.5 68.8 20 20 60 20 we 8.69 
40 1.5 30.5 58 12 68 20 20 60 20 1.72 10.1 
49 \ 100 22.9 38.4 38.4 19.2 60.8 20 20 60 20 2.49 ee 
67.6 20 20 60 20 2.45 
40 10 100 11.4 49.2 39.4 10.9 69.1 : 10.0 
40 50 100 8.1 52.0 40.5 77 72.3 20 30 70 
40 100 100 6.3 54.0 39.7 6.3 73.7 20 
40 1 1,000 Wa 61.4 27.5 10.5 69.5 
40 5 1,000 8.2 61.6 30.2 7.68 72.3 20 
: J 0 20 60 20 3.68 7.61 
40 10 1,000 6.9 62.4 30.7 6.18 73.8 : 
40 51 1,000 3.7 65.3 3.5 76.5 30 597 
: 0 60 20 ‘49 
49 101 1 ,000 yy 66.8 29.8 3.0 77.0 20 20 60 20 aos a6 
30 26.6 26.3 47.3 26.8 53.2 20 20 60 20 2:15 Deities 
i 10 20.8 28.5 50.7 21.1 58.9 20 20 60 20 2.02 
30 1 100 25.5 37.4 37.1 21.9 58.1 20 20 60 20 2.84 fis 
30 2 100 15.8 44.7 39.9 14.2 65.8 20 20 60 20 2.58 10.2 
30 1 100 11.6 45.9 42.5 ne 68.1 20 20 60 20 2.39 9.91 
30 i 1,000 7.0 61.9 31.1 8.6 71.4 20 20 60 30 Se 796 
20 5 10 32.5 19.6 48.2 30.2 49.8 20 20 60 20 2.40 mise 
2 1 10 26.7 22.5 50.8 24.2 55.8 20 20 60 20 2.29 ss 
20 1 100 32.6 29.1 38.0 24.1 55.9 20 20 60 20 3.20 a 
20 5 100 20.4 40.0 41.0 15.5 64.5 20 20 60 20 2.89 12.7 
1 100 12.9 47.0 40.1 13.3 66.7 20 20 60 20 2.97 10.9 
20 r3 1,000 13.0 49 38 9.0 71.0 20 20 60 20 3.2 9.19 
20 1 1,000 8.75 58.6 32.7 7.5 72.5 20 20 60 20 4.12 8.61 


system for several values of the con- 
trolling parameters has been calcu- 
lated. The following values were as- 
sumed. 


Length 100 ft 

Area 
Porosity 4O per cent 
Absolute permeability 10 darcies 
Injection pressure 100 atm 
Producing pressure 1 atm 


The relative permeability charac- 
teristics previously described were 
assumed to be valid. Figs. 6 through 
8 show the results for oils exhibiting 
viscosities at reservoir temperatures 
of 100, 500 and 1,000 cp, respec- 
tively. 

The velocity of movement of the 
combustion zone decreases with in- 
creasing oil viscosity. For the specific 
cases considered, the time required 
to burn completely through the sys- 
tem was slightly less than five days 
for the 100-cp oil, a little over 19 
days for the 500-cp oil and almost 
26 days for the 1,000-cp oil. 

The production data are shown as 
rates; this type of plot shows clearly 
the arrival of the banks. After water 
production commences the WOR is 
constant in each case but decreases 
with increasing oil viscosity from 
about 0.973 for the 100-cp oil to 
about 0.708 for the 1,000-cp oil. 

The general pattern of the pro- 
ducing gas-oil ratio, R, is the same 
in each case. That is, it is high until 
the arrival of the oil bank when it 
drops sharply before increasing again 
after the arrival of the water bank. 
The numerical value of R during the 
production of each of the zones de- 
pends upon the oil viscosity. How- 
ever, the cumulative gas-oil ratio, R,, 
for each case is the same — about 
6,500 scf/bbl. This figure can be ob- 
tained on the basis of heat require- 
ments alone. 
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At any porosity there is a definite 


mass of rock which must be heated 
to the peak temperature. To achieve 
this temperature a portion of the oil 
in place must be burned. That oil not 
burned will be produced. The gas 
required is the amount of air neces- 
sary to burn the fraction of oil con- 
sumed. The graphs in Fig. 6 through 
8 are for systems of 40 per cent 
porosity at initial oil saturations of 
60 per cent V,. The cumulative in- 
jected gas-produced oil ratio (R,;) 
obtained for this system is about 
6,500 scf/bbl. 

The R,; and WOR will change as 
the porosity changes. As the porosity 
decreases there is more rock to heat 
but less oil present in a cubic foot of 
the rock. Thus, more of the available 
oil must be burned to supply the 
heat. In addition, the higher oil con- 
sumption requires that additional oxy- 
gen be injected. Hence the R,, will 
increase sharply as the porosity de- 
creases. The extent to which this oc- 
curs can be estimated solely on the 
basis of heat requirements. This has 
been done for an oil saturation of 60 
per cent V, and the results are shown 
graphically in Fig. 9. The R,; in- 
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creases rapidly at the lower porosi- 
ties; below a limiting porosity a com- 
bustion front cannot be propagated. 

As a result of the larger amount 
of oil that is consumed at lower po- 
rosities, more water of combustion 
will be formed. Therefore, the WOR 
will also increase with a decrease in 
porosity. 


EXPERIMENTAL PROCEDURE 
AND EQUIPMENT 


Several experiments have been per- 
formed in the laboratory to assess 
these calculations. The injected air 
was passed through a drying column 
before it entered the test cell. The 


~ product liquids were measured volu- 


metrically and the product gases by 
a wet-test meter. The effluent gas 
stream passed first through an ice 
bath and then through the wet-test 
meter. 


The test cell was designed as 
shown in Fig. 10. The cell was con- 
structed of 0.040-in. stainless steel 
with an inside diameter of 2.875 in. 
and was wrapped with 1/32 in. of 
mica. Around the mica was placed 
3/16 in. of asbestos millboard. All 
this was enclosed in a %-in. ceramic 
heater-form. Two sets of open ther- 
mocouple wells were placed longi- 
tudinally along the tube every 3 in. 
and 180° apart. The wells were so 
designed that sheathed thermocouples 
could be inserted through the wells 
and positioned along the center line 
of the cell. Of each set of diamet- 
rically opposed thermocouples, one 
was used for recording the temper- 
ature on a recording potentiometer 
and the other was part of the heater 
control system. 

Helices of resistance wire were 
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wrapped on the heater-form so that 
their heating region was 3 in. of tube 
length. The heater straddled the ther- 
mocouple wells. Another set of ther- 
mocouples was placed at 90° to those 
previously mentioned and positioned 
against a 1-in. square of stainless steel 
located on the asbestos millboard just 
under the heater-form. These ther- 
mocouples bucked those positioned 
along the center line through a relay. 
The relay controlled the heaters. In 
operation the heaters would come on 
if the temperature along the center 
line was 1.5 to 2°F higher than the 
temperature under the heater-form. 
The heater would remain on until the 
~ differential was less than this. An- 
other series of thermocouples was 
placed alongside those positioned un- 
der the heater-form to record this 
temperature. 


All the experimental work has 
been done using an unconsolidated 
sand. This sand is made by crushing 
Berea sandstone and is available com- 
mercially (Cleveland Quarries Co., 
Amherst, Ohio). The sand exhibits 
apparent particle sizes from less than 
200 mesh to larger than 18 mesh. 


In the early experiments the tubes 
were initially packed to contain four 
distinct zones. These were a region 
containing coked sand and charcoal 
representing the burned-out area and 
used as fuel to start combustion, a 
water bank, an oil bank and a re- 
gion representing the zone of initial 
conditions. In setting up these zones 
it was assumed that the combustion 
zone had advanced 10 cm. With this 
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assumption it was possible to calcu- 
late the lengths of the water bank 
and the oil bank because the theory 
predicts the lengths of these zones 
relative to the distance burned. It 
had been previously established that, 
by carefully tamping a mixture of 
oil, water and crushed Berea sand- 
stone into the tubes, a porosity of 
about 37 per cent could be obtained 
with an absolute permeability of 
about 10 darcies. Hence, in setting 
up the experiments sufficient oil, 
water and sand were mixed to give 
the desired length of each zone. The 
ratio of oil and water to sand were 
such that the saturations predicted 
by the method would be obtained in 
each zone. The water and sand were 
first mixed and the oil then added to 
this mixture. Combustion was initi- 
ated by bringing the charcoal to a 
glow with a Bunsen flame and then 
starting air injection. During this ig- 
nition phase, all effluent gases were 
produced through a thermowell at 
the interface between the water bank 
and the coked sand. When the ther- 
mocouple at this interface indicated 
a peak temperature, the end of the 
tube was opened and the exhaust 
gases directed through the entire 
tube. 


In the later experiments the cells 
were packed at the uniform satura- 
tions existing prior to combustion 
and ignition was accomplished as 
previously described. 


EXPERIMENTAL RESULTS 


The general features of the bank 
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concept have been verified by the nu- 
merous tests conducted. Early fears 
were that the oversimplified theory 
would rule out any experimental veri- 
fication. However, the observation of 
distinct saturation banks and the val- 
idity of the production rate predic- 
tions have encouraged further work 
on both theory and experiment. 


Two factors of much concern in 
the empirical check of the theory 
were (1) the use of three-phase re- 
lative permeability data from con- 
solidated sand to check the combus- 
tion performance in unconsolidated 
sand and (2) the pronounced. ther- 
mal effect downstream from the com- 
bustion zone. 


THREE-PHASE RELATIVE 
PERMEABILITY 


In order to make the numerical 
prediction of production perform- 
ance, it was necessary to have three- 
phase relative permeability informa- 
tion in the region of low gas satura- 
tions. Published data on three-phase 
behavior are markedly scarce and 
particularly so for this saturation re- 
gion. The three-phase results. of 
Corey’ et al, provided data in the re- 
gion of low gas saturation but only 
for consolidated Berea sand. In lieu 
of other data these were used while 
efforts were continued to provide 
three-phase flow information for the 
actual crushed Berea sand used in 
the combustion tests. 


The sensitivity of the prediction to 
the three-phase relative permeability 
was investigated. Since three-phase 
flow behavior is extremely difficult to 
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measure On unconsolidated sand, the 
method of Corey"’ was used to pre- 
dict the three-phase flow behavior of 
a system of packed spheres from the 
data of Wyllie and Gregory.’ The 
saturations which must exist in the 
water and oil banks for this pack are 
shown in Table 3 along with those 
computed for like combustion condi- 
tions using the relative permeability 
behavior for consolidated Berea sand. 

These values probably bracket the 
range of three-phase flow conditions 
which might be experienced in prac- 
tice, the one set being characteristic 
of a highly consolidated sand and 
the other an extreme example of 
unconsolidated material. 

Early in the history of the experi- 
mental combustion work it became 
evident that, during the period of 
production not dominated by ther- 
mal effects, the observed production 
rates were very close to those pre- 
dicted using the three-phase behavior 
of consolidated Berea sand. This 
rather surprising occurrence has since 
been partially explained by study of 
the capillary pressure and relative 
permeability characteristics of the 
crushed Berea sand used in the com- 
bustion tests. Both tests showed the 
character of the crushed Berea to be 
much like that of the consolidated 
Berea. This is illustrated by Fig. 11 
which shows both the capillary pres- 
sure and the relative permeability to 
gas for the crushed and consolidated 
sand. Further exploration of the flow 
properties of the crushed sand is in 
progress since it is such a crucial 
item in the performance prediction. 


THERMAL EFFECTS AHEAD 
OF COMBUSTION ZONE 


To force a manageable solution, 
the temperature downstream from 
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the combustion zone was_ initially 
assumed to be the original reservoir- 
temperature and the combustion tube 
or reservoir was assumed to be adia- 
batic. These two incompatible condi- 
tions were troublesome in attempting 
to check the theory experimentally. 
The second requirement has been 
fulfilled reasonably well by the equip- 
ment used. However, it now appears 
mandatory that the downstream tem- 
perature effect be incorporated in 
the theory and it certainly is desir- 
able that it be accounted for in field 
predictions. 


Predictions have been made of the 
thermal effect to be expected for 
linear and radial flow systems when 
a negligible contribution by conduc- 
tion was assumed, but heat loss was 
taken into account. Although for a 
radial system of reservoir dimensions 
the heated zone downstream may be 
virtually negligible, it becomes a pro- 
hibitively large fraction of the total 
length of a laboratory. system. For 
example, at a practical rate of ad- 
vance a linear reservoir system which 
had burned for 3 ft would result in 
a significantly heated zone down- 
stream which would be 4 ft in length. 
In the experimental work a region 
was observed ahead of the combus- 
tion front in which the temperature 


TABLE 3—COMPARISON OF CALCULATED FLUID 

SATURATIONS USING RELATIVE PERMEABILITY 

CHARACTERISTICS OF CONSOLIDATED AND UN- 
CONSOLIDATED MATERIAL 


Consolidated Unconsolidated 

Water Bank Berea sand glass beads 

So 11.6 18.4 

So1 51.6 68.8 

Swi 36.8 12.8 
\Oil bank 

S92 10:9 18.2 

69.1 81.8 

Sw2 20.0 0 
Residual water per cent 20.0 0 


Injection pressure = 7 atm 
Porosity = 37 per cent 
Oil viscosity = 177 cp 


approached the temperature of con- 
densed steam. This “steam plateau” 
observed by others’ seemed to have 
little effect on the producing rates 
until it neared the production end of 
the experimental combustion tube. 
The high resistance to flow of the 
viscous oil in the oil bank (which 
remained at ambient temperature 
during the test) dominated the pro- 
duction performance until the water 
bank arrived at the producing end of 
the system. Shortly after the arrival 
of the water bank, the zone of in- 
creased temperature neared the end 
of the tube and the rates of oil, water 
and gas production increased far 
beyond the predicted values. Since 
the total length of the packed tube 
was only 8.5 ft, the only valid data 
checking the theory are those ob- 
tained during the time the combus- 
tion zone traversed the first one-third 
of the tube. Work is currently in 
progress to incorporate the down- 
stream temperature increase into the 
prediction of performance. 

Successful combustion tests were 
made using oils having viscosities of 
89, 177 and 500 cp at 85°F. Fig. -12 
shows a typical experimental history 
in terms of production rates vs dis- 
tance burned. The plot shows the ar- 
rival of the oil and water banks and, 
particularly for the case of oil pro- 
duction rate, good agreement be- 
tween the observed and predicted 
values. The arrival of the water bank 
presages the arrival of the elevated 
temperature zone at the end of the 
system. This terminates the domi- 
nance of the production history by 
the oil bank. The sharp increase in 
observed production rates reflect the 
breakdown in the agreement between 
the predicted and observed perform- 
ance shortly after the arrival of the 
water bank. 
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The graphic behavior of Fig. 12 
was that of a system in which the 
banks were initially present and based 
on a burned distance of 10 cm as 
previously described. Other experi- 
ments have been done on systems in 
which the banks formed spontane- 
ously. This provided support for the 
bank concept and gave similar checks 
on the arrival of the oil and water 
banks and of the oil production 
rates. 


CONCLUSIONS 


A method has been proposed 
whereby oil recovery by underground 
combustion may be theoretically and 
empirically predicted if the charac- 
teristics of the reservoir rock and the 
saturations and nature of its con- 
tained fluids are known. Initial tests 
have demonstrated the basic prom- 
ise of the method of analysis and 
have shown the direction in which 
further work must be aimed to im- 
prove the performance prediction. 

To use the proposed method of 
evaluating a combustion recovery 
technique, the following three factors 
should be better understood. 


1. The role of three-phase flow in 
the prediction must be further evalu- 
ated and three-phase flow data must 
be procured for a number of systems. 


2. The effect of the increased tem- 
perature zone downstream must be 
incorporated in the numerical solu- 
tion of production history to make 
the experimental verification quanti- 
tatively significant. 


3. The conversion of the linear 
performance to pattern performance 
on a reservoir scale must be effected. 
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NOMENCLATURE* 


C, = specific heat of sand (0.25 
cal/gm °C) 

C = ratio of the velocity of the 
front of the water bank 
to the velocity of the com- 
bustion zone 

C’ = ratio of the velocity of the 
front of the oil bank to 
the velocity of the com- 
bustion zone 

AH, = heat of combustion of oil 

(10,500 cal/gm) 

effective gas permeability in 

Zone n, darcies 

k,. = mean effective gas permea- 

bility, darcies 

L; = length of burned zone 

L, = length of water bank 

L, = length of oil bank 

Ap = pressure differential, atm 

P,, = pressure at standard condi- 
tions, 1 atm 

air rate required for com- 
bustion scc/sec 

cumulative injected gas-pro- 
duced oil ratio 

AT = difference between peak 

temperature and_ initial 
reservoir temperature 
(538°C) 

[Mo/ [ug = Oil-gas viscosity ratio (u, = 
0.018 cp) 

v, = rate of advance of combus- 

tion zone, cm/sec 


2 


lI 


lI 


Vv. = velocity of front of water 
bank, cm/sec 
v, = velocity of front of oil bank, 


cm/sec 


*Symbols not included in the following 
nomenclature can be found in “Letter Sym- 
bols for Petroleum Reservoir Engineering 
and Electric Logging,” published in the Oct., 
1956 issue of JOURNAL OF PETROLEUM TECH- 
NOLOGY and Petroleum Transactions Vol. 207. 
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WOR = producing water-oil ratio 
p, = density of sand (2.65 gm/ 
cc) 
p. = density of oil (0.9 gm/cc) 
Subscripts 1, 2 and 3 refer to the 
water bank, oil bank and zone of 
initial conditions, respectively. 
Double primes refer to fluid rates 
caused by the advancing combustion 
zone. No primes are used when the 
fluid rate is that caused by the pres- 
sure gradient imposed by the gas. 
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Reservoir Rock Wettability—Its Significance 


JUNIOR MEMBER AIME 


ALB SULRA-C T 


Investigations in recent years have 
shown that rock wettability can ex- 
ert a profound influence on the dis- 
placement of oil by water from oil 
producing reservoirs. Core analyses 
frequently show oil recoveries from 
preferentially water-wet rock to be 
significantly greater than those from 
preferentially oil-wet rock. Thus, an 
accurate prediction of water-drive or 
waterflood oil recovery is dependent 
on the evaluation of reservoir rock 
wettability. 

Laboratory and field studies have 
' been undertaken to examine and de- 
velop methods which may be used 
to measure rock wettability, to in- 
vestigate factors which may alter the 
wettability of reservoir rock, and to 
determine the wettability of specific 
reservoirs. It has been found that 
measurement of the rate and volume 
of spontaneous imbibition of the wet- 
ting phase by a rock is a reliable and 
reproducible test for semi-quantita- 
tive determination of preferential 
rock wettability. Laboratory tests 
have shown that the wettability of 
reservoir rock may depend on both 
the crude oil composition and the 
rock type. Field and laboratory tests 
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have indicated that coring fluids and 
core handling techniques can cause 
significant changes in the wettability 
of rock surfaces. However, a few 
fluids, brine in particular, appear not 
to affect core wettability and may be 
used when coring to determine res- 
ervoir wettability. Core handling and 
packing procedures have been de- 
veloped which preserve core wetta- 
bility during storage and laboratory 
testing. The wettability characteris- 
tics of six reservoirs have been evalu- 
ated by wettability tests performed 
in the field on fresh cores cut with 
brine or special water-base muds. 
The tests indicated that all six reser- 
voirs are water wet; however, the de- 
gree differed from one reservoir to 
another. 


INTRODUCTION. 


Although surface properties of res- 
ervoir rock and interfacial charac- 
teristics of rock, crude oil, and water 
systems have been discussed for many 
years, the full significance of these 
properties to the production of oil 
is still in the process of evaluation. 
It is known, however, that one sur- 
face characteristic—preferential wet- 
tability of the reservoir rock—is of 
paramount importance when the res- 
ervoir is being produced by water- 
flood or water-drive mechanisms. 

The importance of rock wettability 
has been pointed out by several au- 
thors””** who have found that pref- 


1Reference given at end of paper. 


JERSEY PRODUCTION RESEARCH CO. 


erentially water-wet cores flood more 
efficiently than oil-wet cores; that is, 
more oil is recovered from water-wet 
cores in the early flooding stages than 
from oil-wet cores. Other -authors”® 
indicate that waterflood oil recovery 
from cores of intermediate wettabil- 
ity may be greater than that from 
either strongly water-wet or strongly 
oil-wet cores. These recent investi- 
gations emphasize that the true wet- 
tability of a reservoir must be known 
before the performance of waterflood 
or water-drive reservoirs can be ac- 
curately evaluated. 

When reservoir wettability is to be 
determined by core analysis, precau- 
tions must be taken to maintain the 
original wettability which can be al- 
tered readily during coring’ and test- 
ing.’ In the coring operation the 
core may be partially or completely 
penetrated by the drilling fluid which, 
if it contains surface active materials, 
may drastically change the wettability 
of the core. Also, improper core 
handling during storage and testing 
may change its wettability because of 
evaporation of fluids or exposure to 
oxygen or surface active contami- 
nants. One purpose of this paper is to 
discuss methods for obtaining, pre- 
serving, and testing cores without al- 
tering their original wettability. In 
addition, the results of wettability 
tests on fresh and preserved cores 
from six reservoirs are presented 
where special precautions were taken 
to obtain samples without altering 
their wettability during the coring op- 
eration. 
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IMPORTANCE OF 
WETTABILITY 


The importance of wettability in 
oil production can be illustrated by 
practical examples. Two sets of en- 
gineering calculations were made of 
the waterflood oil recovery behavior 
of three reservoirs. Both sets ac- 
counted for such things as areal pat- 
tern efficiency and reservoir stratifi- 
cation. They differed only in that one 
set of calculations assumed the res- 
ervoirs as oil-wet, while the other as- 
sumed them water-wet. Calculation 
of the oil-wet recovery behaviors was 
based on core analyses of aged, oil- 
wet cores, while calculation of water- 
wet oil recovery behaviors was based 
on tests of cores which had been 
cleaned by heating at 400°C to ren- 
der them strongly water wet. Com- 
parisons of the calculated waterflood 
behaviors for the three reservoirs are 
shown in Fig. 1. As indicated in Fig. 
1, when the pools were assumed 
water wet, the calculated oil recovery 
at 1.5 pore volumes of water injected 
was 1.5 to 2.8 times greater than 
when the pools were assumed oil 
wet. If any of the three reservoirs 
considered in Fig. 1 were water wet, 
water flooding could be a very prof- 
itable process. However, if the res- 
ervoirs were oil wet, a water flood 
would be less profitable for Pools 1 
and 3 and would probably be un- 
economic for Pool 2. In particular, 
Pool 2 exemplifies a reservoir for 
which the selection of the best pro- 
ducing mechanism could very well 
be governed by the preferential wet- 
tability of the reservoir, if its wetta- 
bility were known with some cer- 
tainty. 


MEASUREMENT OF 
WETTABILITY 


The term “preferential wettability” 
as it is applied to a rock surface and 
the two liquid phases—water and oil 
—may be defined qualitatively by 
considering the behavior of the water 
and oil when they are placed in con- 
tact on the rock surface. Thus, if 
water tends to displace oil from the 
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rock surface, the rock will be termed 
preferentially water wet. Similarly, if 
oil tends to displace the water, the 
rock will be termed preferentially oil 
wet. (The shorter terms “water wet” 
and “oil wet” will be used hereafter 
to indicate “preferentially water wet” 
and “preferentially oil wet”, respec- 
tively.) 

'Wettability has been defined fre- 
quently in terms of the contact angle 
between the fluid interface and the 
solid surface. However, in porous me- 
dia a direct measurement of contact 
angles is impractical, if not impos- 
sible. Furthermore, in porous media 
wettability and its effects on fluid 
flow behavior are manifested  pri- 
marily through the capillary pres- 
sure-fluid saturation relationship. 
Thus, it is believed that the most use- 
ful methods for measuring core wet- 
tabilities are those based on the ob- 
servation of different types of capil- 
lary-pressure phenomena. 


CONSOLIDATED CORES 


At present, imbibition tests seem 
the most satisfactory quick method 
for evaluating core wettability. Dis- 
placement of non-wetting fluid from 
a core sample by spontaneous inva- 
sion, or “imbibition,” of the wetting 
fluid is a process which depends pri- 
marily upon capillary pressure as a 
driving force. (In turn, the capillary 
pressure is proportional to the cosine 
of the contact angle.) 

Gatenby and Marsden* have shown 
that rock wettabilities determined by 
imbibition tests agree qualitatively 
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with wettabilities determined by 
capillary-pressure measurements. 
However, as yet a theoretical corre- 
lation between imbibition and contact 
angle of wetting has not been de- 
fined. 

The imbibition behavior of a rock 
depends to some extent on the per- 
meability of the rock, the viscosities 
of the imbibing and displaced fluids, 
and the initial water and oil satura- 
tions of the rock. It has been shown 
experimentally that these factors ex- 
ert much less influence on imbibition 
behavior than does the preferential 
wettability of the imbibing rock. 
Furthermore, in practice, the effects 
on imbibition of variations in the 
properties of the rock-fluid system 
are taken into account since imbibi- 
tion data are usually analyzed by 
comparing the behavior of the rock 
sample of unknown wettability with 
“reference” imbibition data. Refer- 
ence imbibition data are obtained on 
the same rock sample after it has 
been cleaned (to make it completely 
water wet) and saturated with a re- 
fined white oil of the same viscosity 
and at the same saturation as the oil 
initially contained by the rock. 

The volumetric apparatus used in 
water imbibition tests in these studies 


' is shown in Fig. 2. Moore and 


Slobod’ have described a similar ap- 
paratus. For oil imbibition tests the 
apparatus is inverted. 

Data which show that the im- 
bibition process is reproducible are 
shown in Fig. 3. These curves are 
the results of repeated imbibition tests 
on an outcrop limestone core and an 
outcrop sandstone core using a puri- 
fied white oil and distilled water. 
The cores were heated at 400°C for 
24 hours prior to each test to re- 
move organic materials from the core 
surfaces. The reproducibility of the 
data for each core indicates the 
validity of heating as a cleaning pro- 
cess to obtain a surface with repro- 
ducible wetting characteristics and 
demonstrates the precision of the im- 
bibition test technique as a means of 
determining preferential wettability. 

Good precision may be obtained 
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also. in imbibition tests on cores 
which imbibe less readily than the 
muffled cores. These tests are dis- 
cussed in the Rock-Crude Oil Inter- 
action section of this paper. 


UNCONSOLIDATED CoRES 


The wettability of unconsolidated 
material may be determined qualita- 
tively by microscopic observation of 
fluid movement in the sand. This 
method has proved especially val- 
uable for well-site testing. To test 
for water wettability, a thin layer of 
sand is spread on a microscope slide. 
Oil saturation is increased by adding 
a refined white oil of proper vis- 
cosity. Droplets of water are then 
placed on the surface of the sand, 
and movement of the fluids is ob- 
served. If the water moves readily 
into the sand as a bank and displaces 
oil from the surface of the sand 
grains, the sample is water wet. In 
this test it is also helpful to observe 
the shape and location of the residual 
crude oil in the water-invaded re- 
gion. If the sand is water wet, the oil 
will form spherical droplets, indi- 
cating that the oil is the non-wetting 
phase. A similar procedure is used to 
test for oil wettability. 

Waterflooding tests may be used to 
confirm the wettability of unconsoli- 
dated sand samples. The ratio of the 
permeability to water in the presence 
of residual oil to the permeability to 
oil in the presence of connate water 
will be normally less than 0.3 in 
water-wet media, but will be near 
unity in oil-wet media. Thus, by 
measuring the permeability of a core 
before and after water flooding, its 
wettability can be determined quali- 
tatively. 


ROCK-CRUDE OIL 
INTERACTION 


The inorganic constituents of res- 
ervoir rock are generally consid- 
ered to be strongly water wet. Im- 
bibition tests using clean reservoir 
rock and refined oils have also dem- 
onstrated this (Fig. 3). If, however, 
all reservoir core samples were 
strongly water wet, no wettability 
problem would be involved in reser- 
voir work. Two obvious questions, 
therefore, are: (1) do variations in 
wettability occur in reservoirs? and 
(2) if so, how can they be explained? 

As a relatively simple approach to 
a study of the possible variations in 


the wettability of reservoir rocks, 
seven natural, but cleaned, rock sam- 
ples were saturated completely, un- 
der vacuum, with eight different 
crude oils—making a total of 56 
rock-crude oil combinations. A rep- 
resentative cross section of results of 
imbibition wettability tests on these 
combinations is shown in Table 1. 
Here, a strongly water-wet core is 
indicated by WWW; a moderately 
water-wet core by WW; a slightly 
water-wet core by W; a neutral core 
by N and a slightly oil-wet core by 
O. The assignment of these semi- 
quantitative wettability designations 
to specific rock-crude oil systems is 
based on the relative amount of im- 
bibition and the amount of reduction 
in the slope of the crude oil imbi- 
bition curve from that obtained using 


_a purified white oil. Imbibition data_ 


using crude oils were found to be 
nearly as reproducible as those ob- 
tained with refined oils. 

The most obvious conclusion to be 
drawn from these data is that differ- 
ent degrees of wettability can exist 
for various core-crude systems. It 
will be noted also that, in general, 
the wettability of sandstone is more 
readily altered by crude oil than that 
of limestone. More specifically: (1) 
the same core material can be af- 
fected differently by different crudes 
and (2) the same crude oil can 
cause different wettability effects in 
various cores. Therefore, apparently 
the core and the crude oil interact in 
some manner which causes a change 
in the wetting properties of the core 
matrix. 

Three factors which might cause 
the changes in imbibition observed 
in the rock-crude oil exposure tests 
are: (1) plugging by agglomerates 
from the crude oil, (2) film forma- 
tion at the oil-water interface, or (3) 
adsorption of crude oil onto the rock 
surface, Plugging should be caused 
largely by the crude oil alone, irre- 
spective of the mineral in contact 
with it. Film formation at oil-water 
interfaces essentially should be 
caused only by the crude oil when 
placed in contact with water. Since 
the same crude oil behaves differ- 
ently with various rocks, the mechan- 
ical effects of plugging and film for- 
mation do not explain the observed 
variations. Adsorption of components 
from the crude oil onto the mineral 
surface seems the most plausible 


TABLE |—EFFECT OF CRUDE OILS ON ROCK WETTABILITY 


Core Type Formation Abqaiq Bradford Elk Basin Loudon LL-453 
i N 
Limestone Abqaiq WW WwW WW 
Sandstone LL-370 
LL-453 N N N 
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explanation of the observed imbibi- 
tion changes. Later material to be 
presented in this paper also indicates 
that the formation of and changes 
in the organic layer adsorbed on the 
rock surfaces may be the major cause 
of wettability changes. 


To investigate further the cause of 
changes in wettability, a study has 
been made of the effect on rock wet- 
tability of specific fractions of crude 
oils. These fractions were obtained 
by a number of techniques such as 
distillation, chromatography and de- 
asphalting. Each fraction was diluted 
in a neutral solvent and then used 
to saturate a core. After the core 
had been exposed to this solution, 
its imbibition rate was determined. 
Evidence to date indicates that com- 
ponents in the higher molecular 
weight ranges, and also probably 
polar in nature, decrease water wet- 
tability of minerals most strongly. 
Small fractions, on the order of 2 
per cent of some crudes, decreased 
the wettability of minerals appreci- 
ably. Adsorption seems the most 
likely process to explain this effect. 


INSTABILITY OF ROCK 
WETTABILITY 


The results of waterflood and re- 
lated tests on core material are often 
inconsistent both with the results of 
tests on other cores from the same 
reservoir and with the behavior which 
might be expected on the basis of the 
performance history of the reservoir. 
-These inconsistencies can often be 
traced to changes in the wettability 
of the core material before or dur- 
ing core tests. These changes may 
occur while the well is being cored, 
during core storage, or while han- 
dling the core material. In coring, 
for example, penetration of the core 
by some drilling fluid filtrates has 
been shown to alter drastically its 
wettability. 


WHILE CORING 


A series of tests was performed 
with three commonly used drilling 
muds to determine their effects on 
core wettability. The tests were run 
on strongly water-wet core samples. 
Prior to exposure to the drilling fluid 
filtrates, reference water imbibition 
data were obtained on the cores using 
refined oil and distilled water. After 
exposure of the cores to the filtrates, 
the water saturation in the cores was 
reduced by flushing with refined oil 
and the imbibition behavior of the 
cores was again observed. The results 
of tests with the three drilling muds 
are shown in Fig. 4. The treated 
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water-base mud, which was sampled 
from the surface returns in the drill- 
ing of a well approximately 5,000 ft 
in depth, contained bentonite, caus- 
tic, lime, and quebracho as well as 
lost circulation material and natural 
muds. This fluid reduced the water 
wettability of the test plug, although 
the rock would still be considered 
moderately water wet. On the other 
hand, in laboratory tests both the 
commercial oil-base and the oil-emul- 
sion muds completely inhibited water 
imbibition. Subsequent oil imbibition 
tests indicated that the rock exposed 
to the emulsion mud was neutral 
in wettability and that oil-base mud 
caused complete inversion from 
water-wet to oil-wet behavior. It is 
apparent that careful selection and 
stringent control of coring fluids are 
necessary if the core is to have the 
same wettability as the reservoir 
rock. 

It would also seem that consid- 
eration should be given to possible 
wettability changes that may arise 
from temperature and pressure reduc- 
tion which usually accompany re- 
moval of the rock sample from the 
reservoir. To our knowledge, no con- 
clusive evidence has been obtained 
which would clarify this topic. 


WHILE HANDLING AND TESTING 


Wettability changes in core ma- 
terial after it has been recovered at 
the surface are also frequently ob- 
served.’ Such changes are usually due 
to weathering during long-term stor- 
age in-an oxidizing atmosphere or to 
“drying out” of the core, in which 


cases some non-volatile components 


of the residual crude tend to deposit 
on the pore walls and the core fre- 
quently becomes oil wet. The effects 
of weathering can best be illustrated 
by comparing the wettability of 
weathered cores with that of fresh- 
cut cores. This comparison is dis- 
cussed later under the heading “Well- 
Site Tests”. 

In the laboratory as well, the rock 
may be exposed to an environment 
which alters its wettability. The use 
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of fluids which contain surface ac- 
tive materials is a frequent source 
of trouble. Tests have indicated that 
reasonably good quality light oils in 
the C, to C, range may contain 
enough polar impurities to reduce 
significantly the wettability of a 
water-wet rock. It has also been ob- 
served that the use of solvent extrac- 
tion procedures to remove crude oil 
from a core almost invariably changes 
its wettability. This effect has been 
observed by others and offers a seri- 
ous objection to the use of extractive 
techniques preliminary to core tests 
whose. results are dependent on the 
wettability of the rock. 

The use of a flooding cell in which 
a rubber sleeve is in direct contact 
with the test core is not to be recom- 
mended since the core may be con- 
taminated by oil soluble components 
of the rubber. 

These examples of changes in core 
wettability which result from the use 
of established routines, reagents, and 
equipment indicate the sensitivity of 
the core surface properties to test 
conditions. The need for careful con- 
trol of the environment of the core 
through each stage of its recovery 
and use should be emphasized. In 
many instances, to obtain and main- 
tain a carefully preserved sample may 
require but little more effort than is 
usually expended on routine core 
samples. 


PRESERVATION OF CORE 
WETTABILITY 


WHILE CORING 


One of the most challenging prob- 
lems encountered in attempts to pre- 
serve the wettability of core material 
is selecting and controlling the com- 
position of the drilling fluid used in 
the coring operation. The sizeable 
effects on core wettability of many 
commonly used muds (Fig. 4) have 
made it necessary to conduct experi- 
mental tests on a large number of 
drilling fluids and fluid components 
in order to select coring fluids with 
minimum wettability effects which, at 
the same time, are practical from the 
standpoint of current drilling prac- 
tice. 

The results obtained with oil-base 
and oil-emulsion muds discouraged 
further investigation of these mud 
types. Thus, this investigation was 
primarily concerned with an evalua- 
tion of water-base muds. Further- 
more, since a large percentage of the 
more frequently used muds contain, 
in various combinations, a relatively 
limited number of component ma- 
terials, it was desirable to concen- 


trate most effort on a study of in- 
dividual drilling fluid components. 
These components may be classed as 
colloids, thinners, weighting agents, 
and lost circulation materials. Suit- 
able studies on a limited number of 
materials in each of the above classes 
should yield information allowing the 
formulation of non-contaminating 
drilling fluids from non-contaminat- 
ing components. 

The components selected for test- 
ing were dissolved in or leached 
with distilled water. The concentra- 
tions of solutions of the reasonably 
soluble components were adjusted to 
duplicate those usually encountered 
in field practice. Subsequently, a test 
core of known wettability was com- 
pletely saturated with the aqueous 
solution. The saturation of the 
aqueous phase was reduced by flush- 
ing with refined oil and the water im- 
bibition behavior of the core was 
observed. 


Results representative of those ob- 
tained in tests of the drilling fluid 
components are presented in Table 
2. These data were obtained in tests 
on water-wet limestone and sandstone 
and on oil-wet sandstone. It will be 
noted that rock salt, carboxymethy]l- 
cellulose (CMC), bentonite, and 
barite had no effect on the wettability 
of the strongly water-wet cores. Also, 
lime had no effect on the limestone 
core and but slightly increased the 
water-wettability of the sandstone 
core. The other components which 
are shown alter wettability of either 
the water-wet sandstone or the water- 
wet limestone. Hence, these are not 
recommended for use in coring to 
obtain samples for use in the evalua- 
tion of wettability. 


Tests on water-wet cores alone 
cannot yield sufficient information to 
allow the selection of a proper cor- 
ing fluid for use in evaluating reser- 
voir wettability. In the choice of a 
coring mud one must consider that 
either water-wet or oil-wet behavior 
of the reservoir is possible. Conse- 
quently, drilling mud components 
were also tested for effects on wet- 
tability of oil-wet rocks. Only those 
components which did not decrease 
wettability of water-wet cores were 
selected for tests on oil-wet cores. 
The selection of the oil-wet system, 
however, was somewhat arbitrary be- 
cause not enough is known about 
naturally occurring oil-wet systems to 
synthesize them properly in the lab- 
oratory. In these tests the system 
chosen was muffled Weiler sandstone 
exposed to Elk Basin crude oil. While 
there is some question as to appli- 
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cability of results obtained on this 
system to all coring operations, the 
results give considerable insight into 
the action of drilling fluids on oil- 
wet rock surfaces. 

The sandstone cores were saturated 
with the crude, and after standing 
one day were flushed with the filtered 
solutions of mud components. They 
were immersed in oil to determine 
if the degree of oil wettability had 
been altered. Cores flushed with brine 
were found to remain oil wet where- 
as those flushed with bentonite, 
CMC, and lime did not imbibe oil. 
These latter cores were then flushed 
with oil to reduce the water satura- 
tion and were immersed in water. 
The cores consistently imbibed water 
indicating that they were no longer 
oil wet but water wet (see Table 2). 
Thus, the oil wettability of the rock 
had been completely reversed by the 
lime, CMC, and bentonite solutions. 


A limited number of additional ex- 
periments using bentonite solutions 
of controlled basicity have indicated 
that the wettability of the oil-wet sys- 
tem is not reversed if the solution 
PH is lowered into the near neutral 
or acidic range. 


From these experiments one can 
conclude that ideally, brine (or 
water) should be used in coring a 
reservoir to obtain samples for res- 
ervoir wettability evaluation. How- 
ever, in cases where the pH of the 
fluids can be properly controlled, 
bentonite muds can be used. 

Control of contamination in muds 
during a field coring operation 
usually requires cleaning of surface 
lines, tanks, pumps and casing be- 
fore the coring begins. Most of the 
cleaning may be satisfactorily accom- 
plished by flushing the system with 
several volumes of water or brine, 
although special cleaning of the mud 
system may be required if large resi- 
dues of oil-base or emulsion-base 
muds persist. That control of mud 
contamination is practical has been 
demonstrated in several coring oper- 
ations which will be discussed later. 
The results of wettability tests on the 
muds used in one of the coring op- 
erations are shown in Fig. 5. The 
mud samples tested were taken from 
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the surface returns in coring to ob- 
tain wettability samples of an oil- 
producing limestone formation. The 
imbibition data shown were obtained 
on limestone test cores exposed to 
the mud samples. It will be noted 
that the test data are quite close to 
reference data obtained on the same 
test cores using pure liquids. Thus, 
these two drilling fluids probably did 


not alter the wettability of the reser- ~ 


voir core. 


DuRING STORAGE AND TESTING 
The solution of problems encoun- 


tered in preservation of the core > 


wettability after recovery of the core 
at the surface is considerably less 
difficult than the solution of those in- 
volved in coring. It has been found 
that suitable packing of core material 
immediately after removal from the 
barrel will prevent changes in wetta- 
bility for several months. Two meth- 
ods of packing have been found satis- 
factory. In one, the core material is 
imersed in deoxygenated formation 


‘brine or suitable synthetic brine, con- 


tained in glass-lined steel tubes or 
in epoxy resin or polyester plastic 
tubes which can be sealed against 
content leakage and against the en- 
trance of oxygen. In the other pack- 
ing procedure, the cores are wrapped 
in Saran or polyethylene film and 
aluminum foil. Subsequently, the 
package is coated with a thick layer 
of paraffin. By either procedure, the 
cores are protected from oxygen and 
prevented from drying out. 

Both packing procedures have 
been used successfully for storage of 
core material. Controlled water imbi- 
bition tests on samples from two 
pools indicated that when properly 
stored, no significant change in wet- 


TABLE 2—-EFFECTS OF WATER-BASE MUD COMPONENTS ON THE WETTABILITY OF 
OIL-WET OR WATER-WET CORES 


Wettability of test cores after exposure to filtrate 


Water-wet Water-wet Oil-wet 
Component limestone sandstone sandstone 
Rock-salt No change No change No change 
Starch Slightly less water-wet Slightly less water-wet = -........-.....- 
CMC No change No change Water-wet 
Bentonite No change No change Water-wet 
Tetrasodium pyrophosphate No change Less water-wet 
Calcium lignosulfonate No change i Less water-wet 
Lime No change Slightly more water-wet 
Barite No change No change 
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tability occurred over an eight-month 
period. Test data on 18 fresh and 16 
preserved samples from each pool are 
presented in Fig. 6 (‘‘fresh” refers to 
well-site core tests). Additional evi- 
dence confirming the utility of the 
two packing procedures will be pre- 
sented in the following section. 

Precautions which should be taken 
in laboratory handling and testing of 
core material require little discussion. 
Contamination from flooding cells 
containing rubber sleeves may be 
prevented by using an innerliner of 
tubular polyethylene film. Although 
the film necessitates the use of some- 
what greater sleeve pressures, it in 
no way interferes with the normal 
cell operation. Additional precautions 
relate, in the main, to control of the 
purity of fluids to which the cores 
are exposed. Materials of question- 
able purity should be tested by inter- 
facial tension measurement or, bet- 
ter, by investigation of possible ef- 
fects of materials on the imbibition 
behavior of reference core material. 
If impurities are present, they can 
usually be removed by passing the 
contaminated fluid through an ad- 
sorption column containing activated 
alumina. 


WELL-SITE TESTS 


The most important practical ob- 
jective of this program has been to 
develop and apply methods for deter- 
mining reservoir wettability. To date, 
the wettabilities of six reservoirs have 
been determined by measurements on 
core material obtained from’ the 
reservoirs under carefully controlled 
conditions. Information gained from 
laboratory studies concerning wetta- 
bility testing techniques, coring fluid 
composition and methods of core 
storage already discussed were 
applied in these special coring opera- 
tions. The results of wettability tests 
on fresh and preserved cores from 
these reservoirs are given in Table 3. 


Well-site wettability tests were per- 
formed on fresh core samples from 
each of the six reservoirs. The cores 
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TABLE 3—WETTABILITY OF FRESH, PRESERVED AND WEATHERED CORES 


Wettability 
Reservoir Formation Coring fluid Fresh* Preserved Weathered 

1 Limestone Brine Ww 
Bentonite-CMC-water WwW WwW 

Water-base mud aes 0 

Oil-base mud 0 

2 Limestone Brine WwW WwW 
Bentonite-CMC-water Ww WwW 

Water-base mud N 

3 Unconsolidated sand Bentonite-CMC-water Wwwty WW 0 
Oil-base mud aes N 0 

4 Unconsolidated sand Bentonite-water Wwwyt WW 0 
Sandstone Bentonite-water WwW 
Water-base mud WwW 

Sandstone Brine WW 


*Well-site test results 
yEstimated from microscopic wettability tests 


used in the well-site tests were ob- 
tained by coring the formation with 
brine or with a-water-base mud 
whose composition was controlled to 
minimize the possibility of altering 
rock\wettability during the coring op- 
eration (see Column 3, Table 3). Of 
the reservoirs in which special coring 
operations were undertaken to deter- 
mine reservoir wettability, two were 
limestone reservoirs, two unconsoli- 
dated sand reservoirs, and two con- 
solidated sandstone reservoirs. The 
wettability of the consolidated cores 
was determined by the imbibition test 
while the wettability of the unconsol- 
idated sand was determined by mi- 
croscopic examination ‘and confirmed 
by waterflooding tests. As indicated 
in Table 3, core samples from all six 
reservoirs were water wet, but to va- 
rying degrees. 

Fresh core material from each of 
the six reservoirs was preserved by 
methods previously discussed, and 
subsequent laboratory tests revealed 
that they had remained water wet 
(Column 5, Table 3). This is further 
confirmation of the reliability of the 
core packaging methods. 

Table 3 also lists the results of lab- 
oratory tests on preserved samples 
from two wells cut with oil-base 
mud. These cores were found to be 
either neutral or oil wet. Comparison 
of these results with tests of fresh 
cores taken from the same reservoirs 
under controlled conditions further 
points out the hazards of coring with 
oil-base mud when the primary ob- 
jective is to determine reservoir wet- 
tability. 

The last column in Table 3 lists 
test results of weathered cores from 
five of the reservoirs. Comparing 
these results with those obtained on 
fresh and preserved core samples 
from the same reservoirs showed that 
in all but one case the weathered 
cores underwent a major change 
in wettability. Therefore, weathered 
cores should not be used in tests to 
determine reservoir wettability. 
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PRACTICAL APPLICATIONS 


A program may be outlined which 
will greatly increase the probability 
that core samples possessing a wetta- 
bility representative of that in the 
reservoir will be obtained. The first 
step is to core the formation with 
a fluid whose composition is con- 
trolled to minimizecontamination 
which could change rock wettability. 
The best coring fluid from the wetta- 
bility standpoint is brine or fresh 
water. The original drilling mud 
should be completely displaced from 
the casing and surface equipment by 
brine or water before coring is start- 
ed. If, because of operating difficul- 
ties, coring cannot be performed with 
brine, a water-base mud whose com- 
position is restricted to bentonite, 
CMC, barite, and water with a pH 
near neutral will probably be satis- 
factory. Although this mud may 
cause some alteration in rock wetta- 
bility, the change will not be as great 
as when using an oil-base mud. 

Next, the wettability of the fresh 
core should be immediately deter- 
mined at the well site, or the cores 
should be carefully stored for later 
testing at the laboratory. In order 
that reliable core analysis data will 
be obtained at either the well site 
or laboratory, precautions should be 
taken at each step of the testing pro- 
gram to insure that wettability is not 
altered by contamination, oxidation, 
or evaporation. 

Unless the necessary effort is put 
forth to obtain and test cores pos- 
sessing wettability characteristics sim- 
ilar to those in the reservoir, core 
analysis results such as waterflood oil 
recovery, capillary pressure, and rela- 
tive permeability will be in error and 
can lead to grossly erroneous conclu- 
sions concerning the reservoir be- 
havior. 


CONCLUSIONS 


1. Wettability can have an impor- 
tant influence on oil recovery by 
water flood or water drive. Water- 
flood oil recovery predictions based 
on core analysis data frequently show 


oil recoveries from water-wet rock to 
be higher than those from oil-wet 
rock by 15 per cent of the original 
oil in place. 

2. The preferential wettability of a 
reservoir rock is largely controlled by 
compounds adsorbed at the rock sur- 
face. 

3. Coring of water-wet reservoir 
rock with commonly used oil-base 
muds may change the wettability of 
a water-wet core to neutral or oil wet. 

4. In laboratory tests core wetta- 
bility is not altered by coring with 
brine or fresh water. 

5. Weathering of fresh water-wet 
cores will frequently cause the grain 
surfaces to become oil wet. There- 
fore, weathered cores should not be 
used to determine the wettability of 
the reservoir. 

6. Wettability of fresh cores can 
be preserved for several months by 
proper storage. 

7. Fresh cores taken from six res- 
ervoirs under carefully controlled 
conditions were found to be water 
wet in varying degrees. 


ACKNOWLEDGMENT 


The authors express their apprecia- 
tions to the management of The Jer- 
sey Production Research Co. for per- 
mission to publish this paper. They 
are indebted also to Mrs. Madelen 
Rey and Miss Jan Eastham who ob- 
tained much of. the data presented. 


REFERENCES 


1. Negeole J., McGhee, J. and Rzasa, 
M. J.: “Wettability Versus Dispiace- 
ment in Water Flooding in Unconsoli- 
dated Sand Columns”, Trans. AIME 
(1955) 204, 297. 

2. Kinney, P. T. and Nielsen, R. F.: 
“Wettability in Oil Recovery”, World 
Oil (1951) 132, No. 4, 145. 

3. Jennings, N. Y., Jr.: “Surface Proper- 
ties of Natural and Synthetic Porous 
Media”, Prod. Monthly (1957) 21, 
No. 5, 20. 

4. Coley, F. N., Marsden, S. S. and Cal- 
houn, J. C., Jr.: “A Study of the Effect 
of Wettability on the Behavior of 
Fluids in Synthetic Porous Media”, 
Prod. Monthly (1956) 20, No. 8, 29. 

5. Moore, T. F. and Slobod, R. L.: “Ef- 
fect of Viscosity and Capillarity on 
Displacement of Oil by Water”, Prod. 
Monthly (1956) 20, No. 10, 20. 

6. Kennedy, H. T., Burja, E. O. and 
Boykin, R. S.; “An Investigation of 
the Effects of Wettability on the Re- 
covery of Oil by Water Flooding”, 
Jour. Phys. Chem. (1955) 59, 867. 

7. Richardson, J. G., Perkins, F. M. 
and Osoba, lise “Differences in Be- 
havior of Fresh and Aged East Texas 
Woodbine Cores’, Trans. AIME 
(1955) 204, 86. 

8. Gatenby, W. A. and Marsden, S. S.: 
“Some Wettability Characteristics of 
Synthetic Porous Media’, Prod. 
Monthly (1957) 22, No. 1, 5. kk 


PETROLEUM TRANSACTIONS, AIME 


| 

| 

| 

| 

| 


8022 


Porosity Balance Verifies Water Saturation 
Determined From Logs 
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ABSTRACT 


In several log interpretation methods, water satura- 
tion is evaluated by use of the ratio of the readings of 
a short spacing resistivity device and a long spacing 
resistivity device plus information on the mud filtrate 
and connate water resistivities, which is often derivable 
from the SP. These methods are valid over a certain 
range of conditions, usually specified by moderate in- 
vasion and R,, greater than R,;. Since these methods in- 
volve no explicit evaluation of the formation factor, F, 
the saturation so found may be used in the standard 
Archie equation to derive a computed formation factor 
which, as a check, may be compared with the formation 
~ factor known from other independent measurements. 
Discrepancies in the two values of formation factor 
generally indicate that the ratio method is not within its 
range of applicability. If the computed F is too low, the 
corresponding S, is too low; if the computed F is too 
great, the corresponding S, is too great. By means of 
this “porosity balance” check, and some knowledge of 
the probable conditions of invasion, the interpretation 
can often be improved. 

The porosity balance check is discussed for the cases 
of the Induction-Electrical Log Interpretation Method, 
the Rocky Mountain Method, and the R,,/R, Method. 
For the first method, a discussion is also given for the 
case of shaly sands. 


LON 


Although many logging tools are available to obtain 
a practical value of porosity, the only logging method 
reflecting the water saturation is electrical logging. 

Water saturation is commonly computed from elec- 
trical log data by means of the basic Archie formula, 


FR, \? 

( R, ) (1) 
where F is the formation factor, R, the resistivity of 
the formation water, and R, the true resistivity of the 
formation. 

One difficulty in this procedure is a possible error in 
the evaluation of R, from the logs— for example, in the 
case of very deep invasion. There is no possibility, in- 
herent in the procedure, which would provide a check 
of the accuracy of R, and, hence, of the computed satu- 
ration. 
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Other approaches have been proposed which are 
based essentially on the ratio of the readings made with 
two different devices: one device, with a short radius of 
investigation, provides a value close to the resistivity of 
the invaded zone; the second device, with a long radius 
of investigation, gives a value close to the true resistivity 
of the bed. By these methods, the determination of 
saturation is made independently of any direct knowl- 
edge of the formation factor. Therefore, if the forma- 
tion factor (or porosity) is known from other sources 
(core analysis, neutron log, MicroLog . . .), it be- 
comes possible to take advantage of this additional in- 
formation in order to check the value of saturation 
derived from these latter methods. 


Inasmuch as this proposed check procedure relies on 
a knowledge of the value of formation factor or po- 


' rosity, it has been deemed appropriate to call this veri- 


fication a porosity balance. 

The purpose of this paper is to discuss the principle 
and the application of the porosity balance, depending 
on the method of interpretation being used. 


BASIS OF THE METHOD 

There are in existence three interpretation methods 
by means of which the water saturation can be found 
without a knowledge of the formation factor (or po- 
rosity). As just stated, they are based on the fact that 
the ratio of the two resistivities (one measuring the 
resistivity close to the hole, the other measuring the 
resistivity far from the hole) is independent of the for- 
mation factor since it affects the two resistivity measure- 
ments in the same way. 

Chronologically, the resistivity ratio methods are: (1) 
the Rocky Mountain Method, which has been used since 
1943 and was explained in a paper in 1949;’ (2) the 
R,./R, Method or Shaly Sand Method, presented in 
1954, which permits the calculation of the water satura- 
tion in both clean and shaly sands’; and (3) the Induc- 
tion-Electrical Log Method, presented in 1957 for the 
interpretation of the induction-electrical log combina- 
tion.’ 

Each method requires certain definite conditions in 
order for the interpretation to be reliable. The porosity 
balance method will let us know whether these condi- 
tions are fulfilled. 

In clean formations we know that the fundamental 
Archie relation (Eq. 1) must always be verified. This 
relation can be rewritten: 


1References given at end of paper. 
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i 


R 
(2) 


w 


fn Eq. 2 we can admit that R,, is reasonably well 
known, from the SP or from direct measurements on 
samples of connate water. The check of the value of 
S,,, found from any of the three ratio resistivity meth- 
ods, is to enter it into Eq. 2 and to compare the value 
thus computed for F with the known, true value of F. 

In the case of Methods 1 and 2, R, in Eq. 2 is taken 
equal to the R, value used in the application of the 
method. For Method 3, R, is taken equal to R,,, or is 
derived from R,, by means of a procedure described 
later. 

Obviously, if the resistivity ratio method used to ob- 


tain S,, is applied in a case where all conditious of ap- 
plication are fulfilled, the water saturation so found will 
be correct. Therefore, the formation factor derived from 
Eq. 2 will also be correct and should check with an 
independent knowledge of this formation factor (or 
porosity). When the two values of formation factor are 
different, we may conclude: (1) if the computed F 
is lower than the true F, the value of S,, given by the 
resistivity ratio method is too low, and (2) if the com- 
puted F is higher than the true F, the value of S, given 
by the resistivity ratio method is too high. 

A more detailed discussion will be given on the ap- 
plication of the porosity balance method for each of 
the three resistivity ratio methods just given. 


PART I — Porosity Balance for Induction-Electrical Log Interpretation 


In a recent paper, a simple method was presented 
for the interpretation of the induction-electrical log in 
fresh mud. A practical chart* (Fig. 12 of Ref. 3, re- 
produced here as Fig. 1) was presented on which the 
ratio R:/R,, is plotted against either the corrected SP 
reading or against the value of R,,,/R,. The indications 
of the chart serve to determine whether oil or water 
production can be expected from a given bed. In addi- 
tion, approximate scales on the chart indicate the order 
of magnitude of the water saturation, S,,. 

As stated in the paper,’ some knowledge of the depth 
of filtrate invasion is necessary for a correct applica- 
tion of the chart. In particular, the invasion diameter, 
D;,, must be not less than 2d nor greater than 10d 
(where d is the hole diameter). 

A further basic requirement for the use of the chart 
is that the invaded zone resistivity, R.., be higher than 
the uncontaminated zone resistivity, R,. This condi- 
tion is generally fulfilled when R,,/R,, is high, as in 
the case of fresh muds and saline connate waters, and 
provided the water saturation is not too low. Whereas 
this is the situation prevailing in most cases, exceptions 
are not uncommon, mostly in regions where connate 
waters are comparatively fresh; and, as a result, R,,,/ 
R,, is low. Printed on the chart are limiting values be- 
low which use of the chart is not recommended. 

Finally, the chart is intended for the case of fairly 
homogeneous beds. The interpretation may be made 
difficult if the bed is broken by thin hard streaks: The 
presence of thin highly resistive streaks within the bed 


*Schlumberger Log Interpretation Chart D-12. 
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or near its boundaries may spuriously increase the aver- 
age short normal reading over the bed, whereas the 
induction log reading remains practically unaffected. 

It follows that the chart may be misleading when the 
proper conditions for its application are not fulfilled. 
For example, on the Gulf Coast very shallow invasion 
(less than 2d) may be found in the Frio and Miocene. 
In the Mid-Continent very deep invasion is often found 
in consolidated rocks. Water sands that are hardly in- 
vaded or very deeply invaded will appear as oil- or 
gas-bearing on the interpretation chart. To be able to 
recognize such cases is of great interest. 

The value of R, to- be used in Eq. 2 is selected in 
the following manner. 

1. If the readings Ri/Ri, vs Rn;/R.» plot well below 
the critical line on the interpretation chart, it is pro- 
visionally concluded that the bed is oil- or gas-bearing 
and that the invasion depth lies within the 2d to 10d 
limits. In this case R,;, can be taken, to a first ap- 
proximation, as equal to R, because, when the forma- 
tion is oil- or gas-bearing and the invasion is not too 
deep, the usual increase in R,, due to the fresh mud in- 
vaded zone is approximately compensated for by the 
decrease in resistivity contributed by the salt-water an- 
nulus.* 5 

2. If the plotted point falls within the water zone 
(shaded area on the chart), it is provisionally con- 
cluded that the bed is water bearing. R,, in this case 
is generally greater than R,. The value of R, can be 
derived from R,/R,, and the SP using the theoretical 
chart** of Fig. 2. The SP gives R,,,/R,, which in a 
clean water-bearing sand is equal to R,,/R;. The ob- 
served value of Ry/R,, may be represented in Fig. 2 
by a line of 45° slope which intersects the curve of 
given R,,/R, at two points, corresponding to two dif- 
ferent depths of invasion. Local experience will usually 
suffice to indicate which is the correct point. The co- 


ordinates of this point define the values R,,/R,, and - 
‘R,./R, from which R, is readily derived since R,,/R, 


is known. (Furthermore, if R., is known, R,,/R,, and 
hence R,, can be obtained from a direct plot on Fig. 2 
and checked against the R,,/R, found from the SP.) 
When the value of F derived from Eq. 2 does not 
check with the known value, one is led to ask in what 


*The “annulus” is a region containing a high saturation of for- 
mation water which tends to accumulate between the invasion front 
and the oil- or gas-bearing uncontaminated zone. This annular 
region of low resistivity has noticeable effect only in the case of 
low initial water saturation; i.e., relatively high Hydrocarbon sat- 
uration, 

**Schlumberger Log Interpretation Chart B-10. 
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manner do the conditions affecting R,, and R,, violate 
the listed requirements and, also, in what manner is 
it possible to arrive at a more correct value of the satu- 


ration. In the following, various possible cases will be 
discussed. 


CLEAN FORMATIONS 


I. F COMPUTED THROUGH EQ. 2 IS LOWER THAN 
THE TRUE VALUE OF F 


This indicates that the saturation value derived from 
the chart is too low. This may happen mostly when the 
invasion diameter is smaller or greater than the limiting 
values compatible with the chart; i.e., 2d and 10d. In 
the former case, R, is too low and in the latter case 
R,, is too high. 


The existence of shallow invasion is usually expected — 


in very porous formations and is generally known from 
local experience. Sometimes its effects can be observed 
even on the MicroLog. Negative separation may some- 
times occur in water sands because the 2-in. micronor- 
mal “sees” past the invaded zone, and its reading is 
lowered by the effect of R.. 

_ The existence of deep invasion may be expected in 
low porosity formations when high water loss mud is 
used or when the log is made a long time after the 
formation is drilled. 

It is quite often possible to check whether we are 
in a situation of very deep or very shallow invasion. If 
invasion is deep, R,, after correction for borehole ef- 
fect and adjacent formations, should be close to R,, in- 
vaded zone resistivity. Thus, it is possible to derive 
from it an approximate value of the formation factor, 
using Chart C-16 (Schlumberger book of log interpre- 
tation charts). If the invasion is shallow, R,, after cor- 
rection is quite different from R,, because of the effect 
of the uncontaminated zone, and the value obtained 
through Chart C-16 would be far from the true value 
of F. The check, accordingly, will consist in computing 
a value of F from R,, (corrected) and comparing it to 
the true value of F; according to whether both values 
are close or different, it will be concluded that the 
invasion is deep or shallow. 

A. D, < 2d—R,, too Low 

In this case R,, is practically equal to R,. If a good 
knowledge of F or the porosity is available in advance, 
then the correct procedure is to compute S,, from Eq. 
1 using R,, as R,. 

B. D; > 10d—R,, too High 

Here, R,, is necessarily greater than R,. However, 
taking R,, equal to R, in Eq. 2, and using the value 
of S, given by the chart of Fig. 1, still provides a com- 
puted value of F which is lower than the true value. 
This fundamental point has been checked on numerous 
typical cases. 

But, if Eq. 1 is used, with R, = Ru, and with the 
true value for F, the value computed for S, will be too 
low. 

The proposed procedure to improve the interpretation 
is to try a lower value of R,, than that read from the 


log. This selected value corresponds to a somewhat re-_ 


duced depth of invasion, all other conditions being the 
same. R,, is practically unaffected because, even after 
this hypothetical reduction, the invasion still remains 
very deep. Therefore, using the same R,, and the new 
R,,, we determine a new S,, from the interpretation 
chart (Fig. 1) and recheck the porosity balance. If 
the new value of S,, falls below the critical line, Ri 
is taken equal to R; in Eq. 2. If the new value falls in 
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the water zone, the value of R, to be used in Eq. 2 
should be determined from R;./Ri, and R,,,/R, by 
means of Fig. 2, as previously explained. 

By successive trials, a value of R,, and corresponding 
values of R, and S,, can be found which will satisfy the 
porosity balance. The value of S,, thus arrived at is 
likely to be a good approximation to the true value. 


‘Examples of Computed F too Low 


A. Very Shallow Invasion 

This case is the one most effectively resclved by the 
porosity balance check. Let us take an induction-elec- 
trical log (Fig. 3) typifying conditions often found in 
the Gulf Coast. 


Ris (corrected for borehole) = 1.5 Rms = 0.85 
Rin = 1.0 Rms/Rw = 17 
Rie/Rin = 1.5 (K = 80) 

SP = — 100 mv Rw = 0.05 


Fig. 1 gives S, = 20 per cent for 5d invasion or 
S, = 25 per cent for 3d invasion. An average S,, is 
22.5 per cent, which would be characteristic of an oil 
or gas sand. If this interpretation is correct, then Riz 
should be approximately equal to R,; and Eq. 2 gives 
F = (1/0.05) X (.225)* = 1. A formation factor of 1 
is impossible, and we know from the foregoing discus- 
sion that a S,, of 22.5 per cent is much too low. In this 
case an exact knowledge of the formation factor is 
unnecessary to prove that this solution is incorrect. 

Now, if we know from other sources that the sand 
porosity is 35 per cent, corresponding to a formation 
factor of about 6, S,, will be computed simply through 
Eq. 1 taking R,, = R.; namely, 

R, 1.0 
S, = 5») percent. 

B. Very Deep Invasion 

The porosity balance may be of great help in this 
case; but the porosity and, hence, the formation factor 
must be accurately known. Fig. 4 shows schematically a 
North Texas log. 


= 0.30, and 
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Rie (corrected for borehole) = 27 

Rin = 10 Rmy/Rw = 17.5 
Rie/Rin = 2.7 (K = 80) 

SP = — 100 mv Rw = 0.08 


According to the Microlog, F = 30. 

Since, in this instance, we are in a region where in- 
vasion is known to be deep, the deeper invasion scale 
will preferably be used in Fig. 1 to determine S,,. Thus, 
we get S,, = 35 per cent. 

Eq. 2 gives F = 10/0.08 X (0.35)* = 15. 

We see that application of the chart results in a 
lower formation factor than that obtained from the 
MicroLog. The saturation value given by the chart 
(35 per cent) is, therefore, too low. 

Use of Eq. 1 with R, = R,, = 10 would give S, = 
(30 X .08/10)? or 50 per cent. But, because of the deep 
invasion, R;, is greater than R,, therefore, this value of 
50 per cent is also too low. 

Since R,, is too high, let us use a fictitious value of 
Ry, =5 ohm, leaving R, and the SP as found. We 
have R:/Ri, = 27/5 = 5.4, and the point falls within 
the water zone. 

In order to check the formation factor corresponding 
to this water saturation of 100 per cent, we have to 
process R,, through the chart of Fig. 2. The 45° line, 
started from 5.4, will cut R,../R: = Rn;/Rw» = 17.5 
around R,,/Ri, = 8. Then, R,./Ri, — R2/R: = R:/Rir 
= 8/17.5; thus, 


8 
{75 


which is almost identical with the R, value calculated 
through R, = F R,,; i.e., 30 X 0.08 = 2.4. 

Finally, we obtain F = (2.3/0.08) X (1)? = 28.5. 
This value of F, obtained with S, = 100 per cent, is 
quite close to the value of F derived from the MicroLog. 
Consequently, there is no doubt that this sand is a 
water sand. 


= 2.3, 


Il. F COMPUTED THROUGH EQ, 2 IS HIGHER 
THAN THE TRUE VALUE OF F 


In this case the value of S,, found from the chart is 
too high. This may happen mostly when R,, is less than 
R; or when R,, is too high. 

A. is Low 

As a result, R,, is generally smaller than R, when the 
formation is oil bearing. (It may also occur occasionally 
for high R,,,;/R,, ratios if the water saturation is exceed- 
ingly low, but this case is rare.) 
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In fact, computations have shown that, after the 
proper corrections for mud column and bed thickness 
are made, R,, is practically always higher than R,, 
whatever the ratio R,,/R;. There seems to be no obvious 
and sure criterion for recognizing whether R., is lower 
or greater than R, and, therefore, if the chart is applic- 
able or not. This is why it is clearly mentioned on the 
chart that it should not be used for specified low values 
of R,;/R.. Since these limitations cannot be spelled 
out quite accurately because they may vary somewhat 
with the values of the other parameters involved, it is 
always useful to try the porosity balance method, even 
if R,;/R. is above, but close to, the indicated limiting 
values. In many instances, the formation factor com- 
puted from Eq. 2 will be obviously too high, according 
to local experience, and the interpretation given by the 
chart will undoubtedly be too pessimistic. 

In these cases, the use of Eq. 1 is recommended. 
When R,, < R; and there is some invasion, although 
R,, will still be lower than R, after bed thickness and 
borehole correction*, it will be a better approximation 
to R, than R,,. 

Fig. 5 is taken from a log in Beaver County, Okla. 


Rie = 66 (corrected) Rms = 0.48 at 125°F 
Rin = 25 Rw = 0.085 from SP 
Rig /RIL = 2.65 Rmyj/Rw = 5.7 

SP = — 60 mv 


The MicroLateroLog (not shown) gives an average 
value of 17 for R,., so that F = 25, assuming a residual 
oil saturation of 15 per cent. In Fig. 1, with Ry/Rr, = 
2.65 and R,,.,;/R,. = 5.7, we find S,, = 100 per cent. 


For application of the porosity balance, we will use 
a value of R, derived from R,, by means of Fig. 2, 
according to the outlined procedure. The value found 
for R, is 23. Then Eq. 2 gives F = 23/0.085 = 270, 
which is far above the value given by the MicroLatero- 
Log, Therefore, S,, should be appreciably lower than 
100 per cent. 


A more exact value can be obtained by using the 
Archie formula, with F = 25, and R; = Ry; ie., 66 
(in this instance R,, is most likely to be lower than 
R,, and the short normal to read closer to R, than the 
induction log). 


Finally, S, = (25 X 0.085/66)! or 18 per cent. The 


*Since no charts have been published giving bed thickness and 
borehole corrections for Rao < Ris, Sclumberger Log Interpretation 
Chart B-13 (no invasion or Rzo = Rt) is the most appropriate for 
correcting Ris in this case. 
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sand produced condensate on the formation tester and 
also on a drill-stem test. 

B. R,, too High 

The short normal reading may be unduly increased 
because of thin resistive streaks within or adjacent to 
the bed under consideration. 

Again, in this case, when the computed F is higher 
than the true F, a better S,, value should be expected 
from the application of Eq. 1 with R,, = R:. 


SHALY SANDS 


In the referred paper,’ a procedure was given where- 
by, if the shaliness were not too great, the interpreta- 
tion chart (Fig. 1) could be used to determine the ap- 
proximate saturation of shaly sands. It is of interest to 
also check against the results of such a determination. 

Electrical log interpretation in shaly sands, as a rule, 
is more delicate and less accurate than in clean sands 
(see Ref. 2). 

The presence of interstitial shales decreases the con- 
trasts between resistivity values due to variations in po- 
rosity and saturation. Furthermore, the interpretation 
requires an accurate measurement of R,, with the 
MicroLog, which is sometimes difficult and even im- 
possible, particularly in the case of very shallow inva- 
sion. (The knowledge of porosity from other sources, 
for example core analysis, is not of great help; R., 
cannot be computed from the porosity value, since it 
depends also on the shale content, which is unknown.) 

Application of the proposed method in the case of 
shaly sands is also less reliable for the same reasons. 
In order to understand the procedure to be proposed, 
it is advisable to return to the case of a clean formation. 

Here, it is known that S,,° = F R,,/R, and S,, = F 
— Rn;/Rzo» Where S,, is the water saturation in the flushed 
zone; hence, 


(=) @) 


Assuming that the SSP of a clean formation can be 
taken equal to — K log Rnu,/Rw, it results that 


Roo 
ssP = K tog x (=) | 
t w 


The solution of this equation is given graphically by 
Chart D-4 (of the log interpretation charts) reproduced 
here as Fig. 6, where R../R; is plotted in ordinates and 
SSP or R,,;/R. is plotted in abscissae. 
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(For Larger Reproduction, See Fig. 10, Ref. 3.) 


A similar equation can be written for the pseudostatic 
SP of a shaly formation: 


PSP = — K log Ee x (==) | 


R, 
where S,,. is an “apparent” water saturation. This vaiue 
of S,. can be also obtained from Fig. 6, by entering 
R,./R; in ordinates and PSP. in abscissae. Furthermore, 
the PSP can be expressed through — K log Rn;/Rua 
where R,,, is an apparent connate water resistivity. 
Entering this value into the cited equation, 


Rn zo 
K log = K tog x (5 ) 


or 


Thus, 


Eq. 5 for a shaly sand is the equation corresponding 
to Eq. 2 for a clean formation and suggests a cor- 
responding porosity balance check of the F, computed 
from S,, in Eq. 5 with the F, found from Eq. 4. 

In fact, Eq. 5 can be used in a check of S,,., just as 
Eq. 2 is used in the case of clean sands. However, the 
use of Eq. 5 requires computation of F, from the ratio 
R,./Rns, determination of R,,. from the PSP, and com- 
putation of the ratio, S,,./S.- 

As a result of this check, more accurate values of S,, 
can be found in the following cases. 


I. COMPUTED F, TOO Low (S,,, TOO LOW) 

A. Too Shallow Invasion—R,, too Low 

In this case the shaly sand interpretation chart (Fig. 
6) should be used with R,, taken as R;. (R../R, vs PSP 
and SSP.) 

NOTE: The value of R,, can be affected by R, be- 
cause of low invasion. 

B. Too Deep Invasion—R,, too High 

R,, reads higher than R,. A new value which is lower 
than that taken off the log can be selected for Ry, and 
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the procedure is the same as that described for clean 
sands. 


Example of Computed F, too Low 


Fig. 7 shows a sand-shale series in South Louisiana, 
Bed A. 


Rie = 2:2 PSP = — 55. mv 
Rit = 1.9 ssP = —110 mv 
Rie/Rin = 1.15 Rms = 1.2 at 140°F 


From the PSP, Rwa = 0.23 at 140° F. 

The average value of R,, over the interval is 5.3. 
Entering R,./R,, = 1.15 and PSP = — 55 mv into the 
interpretation chart (Fig. 1) gives S,, = 38 per cent 
(and less than 20 per cent for S,,). 

From Eq. 4, F, = 5.3/1.2 = 4.4. From Eq. 5, F, = 
(1.9/0.23) X:(0.38)7/(0.8)* = 1.9, with S,, = 0.8. 

Since F, derived from Eq. 5 is less than F, derived 
from Eq. 4, the value of S,,, is too low also. The reason 
for this is that R,, is too low because of too shallow 
invasion. Under this condition, R,, = R:. 

The correct procedure now is to use Fig. 6 with R,, 
= 5.3 and R, = 1.9, or R,,/R, = 2.8, which gives S,, 
= 50 per cent. 

This is quite a reasonable value which, with shaly 
sands, may correspond to a good production. In fact, 
after perforation the interval gave 75.4 bbl of oil and 
280,000 cu ft/day of gas. 


Il. COMPUTED F,, TOO HIGH (S,,. TOO HIGH) 

A. Rn;/Ry is Low 

In this case, R, can be taken as R, and the ratio 
R../R: vs PSP and SSP should be used with Fig. 6 
(standard shaly sand interpretation). 

B. R,, too High 

Ry, can be used as R; and the ratio R,,/R, vs PSP 
and SSP should be used with Fig. 6. This case is not 
likely to be seen often. 


Se 


CLEAN FORMATIONS 


I. F COMPUTED THROUGH EQ. 2 LOWER THAN TRUE 
F: TOO Low 


A. R, too Low (too shallow invasion)—Use Archie 
formula, Eq. 1. 

B. R,, too High (very deep invasion )—Try succes- 
sively decreasing values of Ri, until Eq. 2 is satisfied. 
ul. F COMPUTED HIGHER THAN THE TRUE F: S,, TOO HIGH 


A. Rny/Rw is Low—Use Archie formula with R; = 


R,, (corrected). 

B. R,, too High—Use Archie formula with R, = Ri. 

SHALY SANDS 
I. F, DERIVED FROM EQ. 5 LOWER THAN F, 
DERIVED FROM MICROLOG: S,,q IS TOO LOW 

A. Ry too low (too shallow invasion) — Use Fig. 6 
and regular shaly sand procedure, taking Rn = R:. 
(This may still give a value for S,, not necessarily cor- 
rect since R,, from the MicroLog may be affected by 
R,.) 

B. R,, too High (too deep invasion) —Try suc- 
cessively decreasing values of R,, until values of F. 
from Eqs. 4 and 5 agree. 

Ul. F, DERIVED FROM EQ. 5 HIGHER THAN F,, DERIVED 
FROM MICROLOG: S,,. IS TOO HIGH 

A. Rn;/Rw is Low—Use Fig. 6 and regular shaly 
sand method, taking R,, = R,. 

B. R, too High—Use Fig. 6 and regular shaly sand 
method, taking Ry, = R,. 


REMARKS 


The use of the porosity balance can prevent many 
errors. It provides a way to check whether the appli- 
cation of Fig. 1 is permissible or not. When it is recog- 
nized that this chart would give too optimistic results 
(S, too low), some local experience will most often 
indicate whether this is due to too shallow invasion 
(Case IA) or to too deep invasion (Case IB). If this 
chart, on the contrary, would be pessimistic (S,, found 
too high), the amplitude of the SP will generally indi- 
cate whether this is due to R,, < R, (Case IJA) or Ris 
too high (Case IIB). 

The respective advantages of the new interpretation 
given by Fig. 1 and of the standard interpretation used 
in the past can be pointed out by the use of the porosity 
balance in the cited difficult cases. 

In Cases IA (shallow invasion) and IIB (R,, too 
high), the best results will be obtained by taking R, 
equal to the inducticn log reading and using the stand- 
ard method of interpretation through Eq. 1. 

In Case ITA (R,, < R,) the standard method of in- 
terpretation would have called for the use of the induc- 
tion log as R, whereas the 16-in. normal reading (cor- 
rected) is actually the best approximation to R,. 

In Case IB (deep invasion), the standard method 
would give an incorrect value of saturation. A better 
result can be often obtained by means of Fig. 1 and 
successive trials of various R,,, values. 

A good porosity control is, of course, necessary for 
a correct application of the porosity balance in clean 
sands, especially in the case of deep invasion. The 
MicroLog is also indispensable for the application of 
the method in shaly sands. 


PART II — Porosity Balance for the Rocky Mountain Method 


The Rocky Mountain Method is the oldest resistivity 
ratio method. Judged by modern standards, many as- 
pects of the method are empirical; it is doubtful if we 
could explain the choice of the various parameters in 
the same fashion. 

The water saturation in this method is given by the 
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relation, 
6 
where R, is given by a short normal corrected for hole 
effect, as if the bed were non-invaded*; R, is given by 


*Schlumberger Log Interpretation Chart B-2 or B-4. 
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the lateral, or the induction log, corrected for both 
hole effect and average invasion, R,, is connate water 
resistivity; and R, is resistivity of the water in the in- 
vaded zone, made up of a mixture of connate and fil- 
trate waters. A graphical solution of Eq. 6 is given in 
Fig: 8.* 

For this method, the principle of the porosity balance 
check can be explained as follows. 

The formation factor is computed by Eq. 2. 


R. 


Carrying the value of S,, from Eq. 6 into Eq. 2 gives 


If the value of F computed through Eq. 2 is lower 
than the true F, Eq. 7 shows that R,’/R, is too low— 
accordingly R;/R, is too low, and S,,, from Eq. 6, is 
also too low. Conversely, if F computed is higher than 
the true F, S, given by the method is too high. 

Eqs. 6 and 7 furthermore show that the check should 
be quite sensitive, since any relative error in R, entails 
the same relative error in S, and F. Furthermore, any 
relative error in R, entails the same relative error in 
S,, but twice as great a relative error in F. 

We have found that the Rocky Mountain Method is 
of great utility in medium and hard formations when 
Ry/Rm > 10, and when the formation under investiga- 
tion is very thick. One should recall that this method 
was introduced when neither MicroLog nor Micro- 
Laterolog was available; its great advantage was the 
fact that no formation factor value was necessary In 
order to arrive at a value of water saturation. 


From experience it has been found that this method 
gives good results when the invasion diameter, D, ~ Sd. 
Errors will be found if the invasion is shallow or very 
deep. In both cases the method is generally too opti- 
mistic. We will study these cases first. 


*Schlumberger Log Interpretation Chart D-8. 
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1. F COMPUTED THROUGH EQ. 2 IS LOWER THAN 
THE TRUE VALUE OF F. 


This indicates that the water saturation derived from 
Fig. 8 is too low. 

A. D, Small—The Short Normal Reading is too 

Low 

The existence of shallow invasion is usually expected 
in very porous formations. For this reason, the condi- 
tion Ri/R, > 10 is required before using this method 
in order to eliminate most of the very porous forma- 
tions. 

It may also happen that the formation is tight and 
has no permeability; therefore, no invasion has taken 
place. This may happen even though a definite SP is 
recorded in front of such formations. Nowadays, the 
MicroLog permits the elimination of such cases. 

It is obvious that with shallow invasion the long 
lateral curve will give a value close to the true resistivity 
if the formation is thick enough and no interference 
from adjacent formations takes place. The correct pro- 
cedure is to compute S,, from the Eq. 1, using the 
long lateral reading (after correction) as R,. 

B. D; Large—The Lateral Reading is too High 

Deep invasion often takes place in formations of low 
porosity, especially when high water-loss muds are used 
or when the log is made a long time after the formation 
is drilled. 


Since the lateral reading is high, it will yield too low 
value for S,, when used as R, in Fig. 8. 


The best procedure to obtain a better interpretation 
is to try a lower value for R,. This selected value cor- 
responds to a smaller invasion, all other conditions be- 
ing the same. R,, is practically unaffected because even 
after this hypothetical reduction invasion is still rel- 


| atively deep. Therefore, by using the same R, and a 


new value of R,, we determine a new S, from Fig. 8 
and recheck the porosity balance. 
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By successive trials, a value of R, and of S,, can be 
found to satisfy the porosity balance. The new value 
of S, thus arrived at is likely to be a good approxima- 
tion to the true value. 

It should also be remembered that the direct appli- 
cation of Eq. 1 to obtain the water saturation will 
yield an incorrect solution if we insert the erroneous 
value of R, found from the lateral. 


Example of Computed F too Low 


Case of Deep Invasion—Inasmuch as this case is the 
most troublesome, the following example from West 
Texas is given as an illustration (Fig. 9). 

Rm = 0.9 at BHT Rig = 21 (at 8,920 ft) 
Bit size: 77/g in. SP-= —120 mv (K = 80) 
Rio = 26 Rw = 0.025 
The neutron (not shown) gives in this interval a 


porosity of 7 to 10 per cent. 


Rio/Rm = 29 
Rio/Rm = 23 
| see Schlumberger Chart B-4 
Ri/Ri = 1.74, with SP = — 120 my and K = 80, gives 
Sw = 17.5 per cent 
F = (17.1/0.025) X (0.175)? —~ 21, corresponding to = 19 per cent, 


This calculated formation factor of 21 is many times 
smaller than the one derived from the neutron porosity 
(90 < F < 205). This is a typical case of deep inva- 
sion. 


Using a true resistivity of 3 ohm, the Rocky Moun- 
tain Method gives S, = 100 per cent and F = 120. 
Such a formation factor, corresponding to or 9 per 
cent, gives good agreement with the information from 
the neutron. The limestone curve available in this well 
yields a porosity of the same order as the neutron log. 


ul. F COMPUTED THROUGH EQ. 2 GREATER THAN 
THE TRUE VALUE OF F 


In this case the value of S,, found from Fig. 8 is too 
high. 

A. Short Normal Reading too High 

In oil- and gas-bearing formations where little or no 
invasion takes place, the short normal approaches R, 
instead of R;. When the sand has a low water satura- 
tion, R, is large, and greater than the invaded zone 
resistivity (R;) would have been had the sand been 
invaded by mud filtrate. This condition of little or no 
invasion may not be known beforehand, and a blind 
application of the Rocky Mountain Method gives S,, 
and F too high. The correct procedure here is to use 
the standard relation Eq. 1. 


B. Induction Log too Low 


If an induction log is used to obtain R,, it is possible 
that when R,,;/R. is low the induction log value may 
be too low because R,, < R, (see Part I, II-A). 


PART III — Porosity Balance for Ryo /R; Method 


This method, which is applicable both for clean and 
shaly formations, gives correct results when R,, can be 
determined accurately from the MicroLog or the Micro- 
Laterolog and R, from a deep investigation device. It 
has then proved of great utility in soft sands. It is also 
useful in case of salty muds in hard formations: since 
little or no mud cake exists, a good value of R,, can be 
obtained with the MicroLaterolog, and the Laterolog is 
used for an approach to the measurement of R,. 

The interpretation, with this method, is based on Eq. 
3, already presented in Part J. 


Rung S25 
R, (=) ( ) 


where S,, is the water saturation in the flushed zone. 
The value of F, for a clean sand, is related to R,, 
through 


2 


and to R, through Eq. 2, 


R, 


Combining Eqs. 8 and 2 gives Eq. 3. 

Since these three equations are not independent, it is 
obvious that the value of F derived from R,,, as given 
by the MicroLog or MicroLaterolog, cannot be used for 
the porosity balance check. An independent way of ob- 
taining porosity must be available, such as core analysis, 
sonic log, neutron log . . . Furthermore, the porosity 
balance gives an independent check of S,, only in clean 
formations. 

The main chart of Fig. 6*, which gives a praphical 
solution to Eq. 3, was established with the assumption 
that S,, = S,,”. 

Eq. 3 can be written, 


/ 
*Schlumberger Log Interpretation Chart D-4. 
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Transferring this value into Eq. 2 gives 


R, 5/4 RS 1/4 R,. j 
When F computed through Eq. 2 is found lower than 
the true F value, Eq. 10 shows that (R,,°/R,)™” is too 
low, hence R,./R; is too low, and also S,,, according to 
Eq. 3. Conversely, if F is found higher than the true 
F, S,, given by the method is too high. 

The porosity balance check, in this case, is not as 
sensitive as with the Rocky Mountain Method. A relative 
error in R,, entails about an equal relative error in F, 
but a relative error in R, causes a relative error in F 
which is about one-fourth as large. 


I. F COMPUTED THROUGH EQ. 2 IS LOWER THAN 
THE TRUE VALUE OF F. 

A. Erroneous R,, 

It is obvious that if the MicroLog or MicroLaterolog 
is used in conditions where an erroneous value of R,, 
is obtained, a wrong value for S,, will result. This can 
be the case in hard formations when the MicroLog or 
the MicroLaterolog values used are too low because 
mud cake thicknesses are not negligible. Fortunately, 
this case can be recognized without much difficulty 
when R, is less than the value given by the short nor- 
mal; in this case the R,, value should be as great as, 
or greater than, the short normal reading. If an inde- 
pendent value of porosity is available, one can calculate 
from it a “synthetic” R,, which will point out the error 
in the indication of the microdevice. 

B. Shallow Invasion 

In a water sand with shallow invasion, the value 
found for R,, may be too low, giving S,, too low. When 
this happens, the calculated F is often so low as to be 
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ridiculous, and the error is obvious. An independent 
knowledge of F is not often needed in this case. 

C. Deep Invasion 

In hard formations that are deeply invaded, the value 
found for R, may be too high. At the same time R,, 
may be too low, as just explained (see IA). Such ac- 
cumulation of errors will give a ridiculous value for F. 
Taking R,, = R, will improve the situation; if there is 
an independent knowledge of F, the presence of deep 
invasion can be accounted for. 


II. F COMPUTED THROUGH EQ. 2 IS HIGHER 
THAN THE TRUE F. 
In this case the value of S, found by Fig. 8 is too 
high. 
A. R,, too High 


This may take place in oil- and gas-bearing forma- 


tions that have not been flushed properly by the mud 
filtrate. This occurs in highly permeable sands of the 
Gulf Coast where filtrate segregation takes place easily. 
It is also found in tight limestone matrices where the 
invasion takes place mostly in fractures and fissures. In 
these cases pessimistic interpretation can result if a 
good porosity control is not available. The standard re- 
lation (Eq. 1) should be used in this case. 

B. Induction Log too Low 

If an induction log is used to obtain R,, it is possible 
that when R,,,/R, is low the induction log value may 
be too low because R,, < R,; (see Part I, II-A). 


CONCLUSIONS 


Porosity balance is intended to provide a check of 
saturation values derived from logs by means of one of 
the resistivity ratio methods: (1) Induction-Electrical 
Log Method, (2) Rocky Mountain Method, and (3) 
R,./R; Method. 

The porosity balance check consists of computing a 
value of the formation factor, using the saturation value 
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found by the application of one of the cited methods, 
and comparing this computed formation factor with 
the formation factor (or equivalently the porosity) de- 
rived from other independent sources. In general, if the 
computed formation factor is too low the corresponding 
value of saturation is too low; if the computed forma- 
tion factor is too high, the corresponding value of 
saturation is too high. 


The systematic use of the porosity balance can pre- 
vent the making of large errors and, in most cases, 
will provide a good verification of the water saturation 
calculated from the logs. In many cases, when discrep- 
ancies exist, the check makes it possible to improve the 
interpretation. 

It is obvious that such a check is not possible by 
use of the standard relation (Eq. 1) alone, since any 
knowledge of the value of F has already been used in 
the determination of S,, (S, = VF R,/R:). 

The correct measurement of porosity for the know- 


ledge of the corresponding formation factor cannot be 
over-emphasized. 
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- Streaming Potential and the SP Log 
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ALB 


Published laboratory data have established that very 
significant streaming potentials can exist across mud 
cakes subjected to pressure differentials such as exist be- 
tween a mud column and formation fluids. Since shale 
is similar in kind and in properties to a well-formed mud 
cake, it appeared possible that streaming potentials might 
also arise across shales. A practical consequence would 
be that the streaming potential contribution to the SP 
would be smaller than might otherwise be assumed 
since the SP is measured with respect to the “shale base 
line’. The resultant contribution would be the difference 
between the streaming potential across the shale and that 
across the mud cake. 

In order to investigate this possibility, a laboratory 
apparatus was devised for measuring streaming poten- 
tials under pressure conditions normally encountered in 
wells. Reported data on streaming potentials across mud 
cakes were verified. More important, appreciable stream- 
ing potentials were found across shale samples. As in 
the case of mud cakes, the shale potentials varied with 
the concentration and nature of the impregnating elec- 
trolyte. Dependence on pressure was in a different rela- 
tion than that for mud cakes, possibly because of the 
lower compressibility of shales. The differences in 
streaming potentials between the shales and mud cakes 
were generally small, although they might vary con- 
siderably in practice depending on the relative electro- 
kinetic properties of the particular shale-mud cake com- 
bination. A “poorly effective” shale with a “very effec- 
tive mud cake” would produce the largest negative 
addition to the electrochemical component of the SP. 

Results of field experiments with pressurized wells 
were considered in the light of the laboratory results. 


INTRODUCTION 


Field experiments wherein the pressure of the mud 


Original manuscript received in Society of Petroleum Engineers 
office Sept. 15, 1957. Revised manuscript received May 29, 1958. Paper 
presented at 32nd Annual Fall Meeting of Society of Petroleum 
Engineers in Dallas, Tex., Oct. 6-9, 1957. 

Discussion of this and all following technical papers is invited. 
Discussion in writing (three copies) may- be sent to the offices of 
the Journal of Petroleum Technology. Any discussion offered after 
Dec~31, 1958, should be in the form of a new paper. 
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column in a borehole was varied have often indicated 
the presence of a streaming potential, but its magni- 
tude was not easily predictable and its sign sometimes 
changed from one formation to another in the same 
well? In the interpretation of SP logs from standard 
surveys, nevertheless, the correct value of R, is very 
frequently obtained, within the limits of field accuracy, 
using only the simple electrochemical expression of the 
SP provided that proper corrections are made for bed 
thickness, ion activity, etc.” Accordingly, it was apparent 
that the streaming potential component of the SP in a 
borehole was considerably more complex than com- 
monly assumed and clarification was indeed necessary 

The close similarity in nature and constitution of a 
shale to a well-compacted mud cake suggested that a 
streaming potential might also exist across shales as 
pointed out by M. P. Tixier in 1953 and as recently 
emphasized by Wyllie.’ The practical consequence would 
be that the streaming potential across the mud cake 
would be canceled, at least in part, on electrical logs 
since the SP is recorded with resvect to the shale poten- 
tial as a base line. This appeared to be a plausible expla- 
nation for many of the effects observed but no support- 
ing data were available. In 1955 preliminary experiments 
at low pressures were conducted in our laboratories 
which supported the hypothesis of the shale streaming 
potential and formed the basis for later studies at bore- 
hole pressures.* 


EARLY LOW PRESSURE EXPERIMENTS 


The early experiments were conducted primarily to 
determine the possibility of a streaming potential across 
shales. The shale used was a compact type designated 
as No. 7 from Reagan County, Tex. (Permian). Cut 
samples were saturated for over one month in .2 to 
2.0-N NaCl solutions. In order to eliminate all electrode 
polarization effects, a dynamic method was used. A 
transient pressure of about 1 atm was applied across 


‘References given at end of paper. 

“After the present paper was written and submitted for publica- 
tion, it was brought to our attention that K. D. Shenck in his recent 
MS thesis entitled “An Investigation of the Streaming Potential 
existence of a sizeable streamin otenti acros: 

(U. of Oklahoma, 1955.) 
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the sample and the resulting transient streaming poten- 
tial was recorded. The resistivity of the shale samples 
was also determined. All results are presented in Table 1. 

It was immediately obvious that the streaming po- 
tential across shale was far from negligible (~ + .17 
mv/atm for a .2-N NaCl solution). 

It has been shown by Wyllie‘, that due to compressi- 
bility, the streaming potential across a mud cake is not 
directly proportional to the pressure difference P, but 
varies according to 

where the exponent y has an average value of .75 when 
P is expressed in psi. This relationship was verified later 
by several experimenters including ourselves. According 
to Eq. 1, a typical streaming potential* across a mud 
cake at 100 atm is only about + 16 mv for a .2-N NaCl 
filtrate. If the limited data on shale could be extrapolated 
linearly to high pressures, the value for 100 atm would 
be + 17 my. It was therefore conceivable that the 
streaming potential across shales could largely offset the 
streaming potential across the mud cake. Further study 
was definitely justified. 

The present paper describes laboratory and _ field 
measurements of the streaming potential of shales under 
a broader range of pressures and from a variety of 
different shales. The effect of this source of potential 
on the SP curve is discussed. 


TECHNIQUES OF MEASUREMENT 
AT HIGH PRESSURES 


__In order to measure the streaming potential at high 
pressures, a different apparatus was necessary. A high 
input impedance measuring circuit had to be used. 
Electrode polarization was a factor and for this reason 
it was preferable to use an alternating voltage signal 
which is considerably less affected by electrode polariza- 
tion than a DC signal. This was accomplished by super- 
imposing to the large static pressure difference on the 
sample studied a small alternating pressure, dP, of con- 
stant amplitude and frequency. The alternating electro- 
kinetic emf, dE,, produced was amplified and recorded 
as a function of the static pressure. The results could 
then be expressed as dE,/dP vs P. This method gave 
excellent results. Since dP was known with good pre- 
cision, the curve of E, vs P could be readily constructed 
by integration of dE,/dP. 

A direct measurement of the static streaming poten- 
tial, E, vs Pstatie; Was also possible by using reversible 
Ag-AgCl electrodes to minimize electrode polarization. 
However, the measurements were less accurate (+ .1 
mv) than by the alternating pressure method. 

All laboratory experiments were at 75° F except 
where otherwise noted. 


SAMPLE MOUNTING 
Shale disks of %-in. diameter and % to %4-in. thick 
were cut from field cores. Because of the tendency of 


*By definition, the sign of the streaming potential is the polarity 
of the electrode on the low pressure side. In a borehole, a posi- 
tive streaming potential so defined would be recorded as a negative 
defiection since the measuring electrode is on the high pressure or 
mud side. 


TABLE 1—RESULTS OF EARLY EXPERIMENTS, SHALE NO. 7—PERMIAN 
FROM TEXAS 


Streaming Potential 


NaCl Concentration 
coefficient (mv/atm) 


resistivity (Qm) 
of filtering fluid Shale 


2.N 17 28 
5 15 23 
1.0 N 14 
2.0 N 09 1 


Sample dimensions: V4 x V4 x 7/16 in. 
Transient pressure difference: 1 atm 
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the shale to cleave under pressure, the disks were cut 
with the shale bedding plane to be perpendicular to the 
direction of fluid flow in measurements. The disks were 
then cemented with Hysol inside one end of a machined 
Hysol holder (Fig. 1, part 6). The holder dimensions 
were 1-3/16 in. in diameter and 1%4-in. long with a 
Y2-in, axial hole to connect one face of the shale disk 
to the high pressure solution. Both faces of the disks 
were ground flat. Finally, the mounted samples were 
equilibrated in NaCl solution for several: weeks at 70°C. 


PRESSURE BOMB 


The mounted sample was then inserted in a pressure 
bomb (Fig. 1), made of aluminum and entirely lined 
with a nylon jacket to insulate electrically the salt 
solution contained in the bomb from the aluminum 
housing. 

The shale sample formed the partition between the 
two watertight compartments of the bomb. An Ag-AgCl 
electrode was placed in each compartment and connected 
to an insulated and watertight terminal on the aluminum 


-housing. In order to avoid fracturing the shale when 


applying pressure, the face of the mounted shale sample 
was supported by a sintered steel disk resting on a 
shoulder of the pressure bomb body. Due to the high 
permeability and low electrical resistivity of the steel 
disk, no appreciable streaming potential could be gen- 
erated across it and its mechanical strength was more 
than sufficient to resist the force applied to the shale 
sample by the imposed pressure. 

Both compartments of the bomb were filled with the 
same NaCl solution and a thin rubber diaphragm was 
used to close each fluid chamber. The outer face of the 
rubber diaphragm closing one of the compartments 
was then submitted to the pressure of a nitrogen gas 
tank through a flexible pressure hose. The other com- 
partment of the bomb was left at atmospheric pressure. 
A pressure reducer on the gas tank permitted the static 
pressure applied across the shale to be adjusted at any 
selected value between 0 and 1,000 psi. The static pres- 
sure was read on a Bourdon gauge connected to the 
gas line. 


ALTERNATING PRESSURE DEVICES 


The bomb assembly was bolted horizontally to the 
platform of a modified shaker. The acceleration of the 
platform was a nearly pure sinusoidal function of time 
with a maximum amplitude of + 30 g at a shaking 
frequency of 6.8 cps. This acceleration applied to the 
column of fluid in the bomb produced a sinusoidally 
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Fic. 1— Pressure STREAMING 
PoreNTIAL CELL. 
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. Nylon jacket be 
. Ag-AgCl electrode 
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. Hysol holder 10. Gas chamber 
. Ag-AgCl electrode 11. Pressure-tight electrode 
. Nylon jacket connectors 


WN> 
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varying pressure in the fluid calculable from the shaking 
speed and the length of the fluid column. By changing 
the pulley on the motor, the maximum amplitude of the 
pressure could be changed from + .085 to + .232 atm. 
A schematic of the pressure bomb, shaker and recording 
equipment assembly is shown in Fig. 2. 


AC RECORDING EQUIPMENT 


The electrical terminals of the bomb housing were 
connected by a low-noise coaxial cable to a chopper 
stabilized, low frequency amplifier with a gain of 1,000, 
(EMR Model No. 62A). A 20 pfd capacitor was placed 
in series in the input circuit. The output of the amplifier 
was connected through an electronic band-pass filter 
tuned at the frequency of the shaker to a Tektronix 
oscilloscope No. 535, The sinusoid appearing on the 
scope was then photographed with a Polaroid Land 
Camera. It was checked that no appreciable signal was 
introduced either by the cable or by the streaming 
potential across the sintered steel disk. 

The over-all gain of the recording channel was meas- 
ured in order to convert the signal amplitude on the 
photograph to millivolts. From the calibrated sweep 
frequency of the Tektronix scope, the period T of the 
shaker could be readily measured on the picture. The 
amplitude, A, of the alternating displacement of the 
shaking tube was measured carefully. The acceleration, 
y, of the shaker could then be calculated exactly using 
the equation of longitudinal sinusoidal motion,.namely 
y=y. sin (27f/T). Knowing the length, L, of the 
fluid column comprised between the two rubber dia- 
phragms of the pressure bomb and the density, p, of the 
fluid, the alternating pressure was given by yP = Lpy.. 
The streaming potential coefficient*, dE,/dP, was there- 
fore completely derivable from the photograph. Meas- 
urements were made for each value of the static pres- 
sure in the range of 0 to 1,000 psi at 100-psi intervals. 


DC MEasuRING EQUIPMENT 


A vibrating reed electrometer, Applied Physics Corp. 
Model 30M, was connected across the 20 ufd capacitor 
in the input circuit of the AC recording channel. Due to 
the large time constant of the electrometer, it was prac- 
tically insensitive to the alternating streaming potential 
produced by shaking, but any additional DC streaming 
potential produced when changing the static pressure 
was readily indicated. 

The Ag-AgCl electrodes were found to be stable 
‘within + 0.1 mv and the measured static streaming po- 
tential was generally about 1 to 2 mv/100 psi static 
pressure. 

The sign of the streaming potential was also indi- 
cated on the electrometer. The results of the static meas- 


*Ex is sufficiently linear with pressure to assume AEx/AP = 
dE 


static 
Lis AC 
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urements were compared to those obtained with the AC 
recording channel. 


RESISTIVITY MEASUREMENTS 


The resistivity of each shale sample was measured 
with a two-electrode cell and a bridge. The cell was 
calibrated with NaCl solutions of known resistivity. 
The shale resistivity of some samples was also known 
from previous measurements with an inductive-type 
conductivity meter. 


PERMEABILITY MEASUREMENTS 


With a slight modification of the pressure bomb it 
was possible to measure the permeability of the mounted 
shale sample. The rubber diaphragm on the low pres- 
sure end of the bomb was removed and the low pres- 
sure compartment connected to a calibrated glass 
capillary tube. The NaCl solution in the low pressure 
compartment was colored with Rhodamine B. The rise 
of the colored fluid in the capillary tube at various pres- 
sures was observed on a mirror-scale graduated in 
millimeters. 

The permeability, K, was calculated from a plot of 
the level in the capillary vs time. The same plot also 
yielded an approximate value of the diffusivity coef- 
ficient K/u(c + c’) ¢, where c+ c’ is the apparent 
compressibility of the water in the pore space, mu the vis- 
cosity and ¢ the porosity. This parameter governs the 
progression of the fluid pressure front into the shale as 
shown in the Appendix. 

Precautions were taken to avoid any rapid tempera- 
ture variation in the room and the temperature inside 
the bomb was recorded within + .5°C during the 
measurement. The absence of a leak at the O ring seal 
between the mounted sample and the bomb lining was 
checked by replacing the mounted shale sample by a 
solid Hysol plug of the same dimensions. 


BASE EXCHANGE CAPACITY MEASUREMENTS 


The base exchange capacity per 100 gm of ground 
shale sample was measured for a few shales using the 
standard ammonium acetate method. 

The porosity of the shale was estimated from direct 
measurements On solid shale plugs with a gas porosi- 
meter and from measurements of grain volume on 
ground shale samples. From these data, the base ex- 
change capacity per unit pore volume and the corre- 
sponding b factor of Hill and Milburn’s method* were 
calculated.** 


MEMBRANE POTENTIAL MEASUREMENTS 


Some of the shale samples were tested as ion exchange 
membranes between two NaCl solutions. The ideality of 
the various shales was expressed qualitatively by plot- 
ting the ratio K,. = E/log(a,/a,) vs the activity of the 
most concentrated solution in the manner described in 
Ref. 2. From these plots, the ratio K,,/59 for a con- 
centration of .1 N and 1 N was taken as an index of the 
efficiency of the shale under consideration. A fracture 
in the shale would seriously reduce this ratio. 


LABORATORY MEASUREMENTS 
SHALE SAMPLES 
The streaming potential of 16 shale samples, for the 


most part at three different concentrations of the filter- 
ing NaCl solution, is shown in Fig. 3. The origin and 


**The b factor is an index of the shaliness of the rock and is re- 
lated to the base exchange capacity per pore volume (CEC/PV) by 
the expression b = — .185 (CEC/PV) — .0055. It is therefore re- 
tabed ute the fixed charge concentration, A, of the rock or mr of 

ef. 6. 
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characteristics of the shales are listed in Table 2. It was 
found that the static pressure had practically no effect 
on the magnitude of the streaming potential coefficient 
of shales, as shown by the linear increase of E, with 
pressure (Fig. 4), and it must be inferred that the com- 
pressibility of shale in the pressure range studied was 
too small to affect its electrokinetic properties. 


A comparison with earlier experimental results on 
Shale No. 7 is shown in Fig. 5. There is very good 
agreement in spite of the completely different methods 
of measurement used. 


Returning to Fig. 3, it is seen that the streaming 
potential coefficient generally increases with the solu- 
tion resistivity but not linearly. An expression of the 
form, = 

dE, / AP (mvjatm) A(Rn;)" 
with .15 < A < .7 and n ~ .3, appears to be more 
suitable. This indicates that the surface conductance of 
the shale plays an important part. It appears in Fig. 3 
that for most of the shales studied the streaming po- 
tential coefficient for a 1-Qm solution resistivity is on 
the average about .25 mv/atm (A,, = .25 in Eq. 2). 
However, considerable departure from this “average” 
value is found for Shales 1-B and 29, showing that the 
type of shale can be of great consequence in the actual 
magnitude of the potential. 


In an attempt to correlate the electrokinetic proper- 
ties of shale with other properties, the base exchange 
capacity per pore volume or the b factor, of various 
shales are listed in Table 3. Also, the degree of ideality 
as indicated by electrochemical membrane potential 
measurements, which can be taken as an index of 
shaliness, is compared to the magnitude of the stream- 
ing potential coefficient. There does not seem to be any 
direct correlation between the variations of the shale 
streaming potential and the indices of shaliness.* Listed 
also are the permeabilities in .2-N NaCl solution since 
permeability is a distinguishing feature between a sandy 
shale and a shaly sand. 


*Recent experimental results, to be published elsewhere, indicate 
that the electrokinetic properties of shales are dependent primarily 
on the transference number, tw, of water, whereas the membrane 
behavior of shale is more dependent on the transference number, ti 
of Nat ions. tw and t: are not directly related to each other, there- 
fore it is not too surprising that no good correlation was found 
between ‘“‘shaliness” or ‘membrane ideality” and dEx/dP. 
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TABLE 2—ORIGIN AND AGE OF SHALE SAMPLES USED IN STREAMING 
POTENTIAL MEASUREMENTS 


Age or Depth 
Shale No. Locality or Field State (ft) 
A Centralia Illinois 1,394 
Hobbs Wildcat New Mex. 8,603 
Cc Colorado County Texas 9,057 
D Neves Montana 7,067 
E Hovenweep Utah 5,880 
F Stockholm Oklahoma 4,155 
G Williams New Mex. 11,235 
LK Houston County Texas 2 
Clark County IHinois Pennsylvanian 464 
1-B Clark County Illinois Pennsylvanian 468 
5 Montgomery County Texas Eocene (Wilcox) 
vf Reagan County Texas Permian 
(Spraberry) 
11-1 Houston County Texas Upper Cretaceous 
(Woodbine) 
11-5 Navarro County Texas Upper Cretaceous 
(Woodbine) 
14 San Luis Obispo County California Middle Miocene 
29 Sydney Nebraska Cretaceous 


Mup SAMPLES 


In order to compare directly the streaming potential 
of shales with that of mud cakes, a mud cake was 
formed on the sintered steel disk of the pressure bomb 
by filling the larger compartment of the bomb with an 
actual bentonite mud obtained from the field, and 
applying gas pressure to force filtrate through the porous 
steel disk. For this, the pressure bomb was placed ver- 
tically and the rubber diaphragms were not used. Once 
the cake was formed, both chambers were filled with a 
NaCl solution, the mud cake was equilibrated with the 
salt solution for several days and the streaming potential 
was measured as before. This laboratory produced mud 
cake was designated No. 1. A description of the mud 
used is given in Table 4. 

The results of dynamic and static streaming potential 
measurements are indicated in Fig. 6. A plot of dE,/dP 
Vs Pstatic Shows that, contrary to the results obtained 
with shales, the streaming potential coefficient varies 
with static pressure, Fig. 6. As a first approximation, 
the decrease of dE,/dP can be considered as propor- 
tional to the static pressure, which leads to an equation 
of the form given by Wyllie, Eq. 1, for the variation 
of streaming potential with pressure. This result can 


Ex 
(mv) 
100) 
VA 
90 
80 
70 4 
60 
50 
40 x 
30 za 
sh 4 
q Ish 
200. 600700. 900 1000 


DIFFERENTIAL PRESSURE ,(Psi) 
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also be confirmed by the plotting of the experimental 
values of E, (static) vs Petatic. The exponent y in Eq. 
1 was found to be less than 1.0 in agreement with 
Wyllie’s values. 

A similar experiment was performed on a well-com- 
pacted mud cake formed under the conditions of pres- 
sure and temperature of the borehole. The mud cake, 
designated No. 2, was cut and mounted in exactly the 
same manner as the shale samples, and was equilibrated 
with NaCl solutions for the same length of time. Al- 
though the sample broke at 300 psi, the results that 
were obtained are in line with those of the artificially 
produced mud cake. The plot of dE,/dP vs P for this 
mud is also shown in Fig. 6. For this mud cake the 
exponent y was about .79. 


INFLUENCE OF THE VALENCE OF THE CATION 


The electrokinetic potential is a function of the zeta 
(€) potential which for a given permeable membrane 
depends on the valence and size of the ions in the 
solution. In particular, it has been shown by Oakes and 
Burcik’ that lanthanum (La***) ions depress the ¢-poten- 
tial of clays, and at increasing concentrations the sign 
of the streaming potential is actually reversed. 

Two of our shale samples (Nos. 7 and 29) were 
equilibrated with LaCl, solution and the streaming 
potential measured as before, except that the filtering 
fluid was a LaCl, solution. The results are indicated 
in Table 5. They are in qualitative agreement to those 
of Oakes and Burcik for mud cakes, and the sign 
reversal for a LaCl, concentration near .1 N is quite 
conspicuous. For divalent ions, such as Ca** and Mg**, 
the streaming potential would also be reduced but would 
not actually change sign in the usual range of concen- 
trations. Although this experiment is only of academic 
interest since LaCl, is not expected in the mud filtrate, 
it shows that the streaming potential in shale exhibits 
the characteristics found with mud cakes. 


EFFECTS OF TEMPERATURE 

The effect of temperature on the streaming potential 
coefficient of shales was not investigated but the data 
obtained on mud cakes by Wyllie‘ indicated that this 
effect is probably not too important. 

A significant effect of temperature on the SP log is 
a systematic base-line shift towards the positive direc- 
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TABLE 4—CHARACTERISTICS OF MUD USED FOR MUD CAKE NO. 1 


Type of Mud Bentonite, Caustic-Quebracho 
Weight: 10.2 |Ib/gal 

Viscosity: 37 sec 

Water Loss: 17 cc/30 min 

Rm @ 75°F 0.85 Qm 

Rms @ 75°F 0.60 Qm 

Rme @ 75°F 1.68 Qm 


tion. In consequence of the shale streaming potential, a 
base-line shift towards the negative direction would 
normally be expected as the depth (and therefore the 
differential pressure) increases. Such a shift is observed 
occasionally but not as commonly as a shift in the posi- 
tive direction. It was therefore believed that some other 
phenomenon was masking the expected effect. For ex- 
ample, the potential with respect to ground of the SP 
measuring lead electrode is dependent on temperature 
and might therefore vary with depth in a manner to 
compensate the shale potential. 

The thermodynamically reversible potential of any 
metallic electrode with respect to the electrolyte in 
which it is immersed is given by the common equation. 


R 


For a lead electrode in a mud containing a mixture 
of many ions, the exact electrode reaction is not readily 
predictable. The temperature coefficient of the potential 
depends on the over-all heat of the electrode reaction. 

The magnitude of the temperature effect was deter- 
mined for lead electrodes in a particular mud by a 
simple experiment. Here, two lead electrodes were 
placed respectively in two beakers containing identical 
mud samples (Aquagel-tannex-soda ash pH 8.5, R, = 
58 Om at 25°C) connected through a mud bridge. 
One beaker was maintained at a constant low tempera- 
ture; the other was heated to various predetermined 
temperatures. The potential of the electrode in the 
heated beaker became more positive with increase in 
temperature. The temperature coefficient, roughly con- 
stant over a 40°C range, was approximately 0.31mv/°C. 
The temperature coefficients for muds of pH 10.5 and 
12.5 were 0.19 and 0.13, respectively. 

Another source of temperature dependence was 
studied. The shale in contact with mud filtrate acts as 
an electrode capable of exchanging ions with the mud 
filtrate. The exchange reaction and the corresponding 
emf at the junction shale/mud filtrate depend on tem- 
perature in a similar way to the contact emf between a 
metallic electrode and an electrolyte. This was recently 
observed with synthetic ion exchange membranes by 
Tyrell, Taylor and Williams’ who called the phenome- 
non a “Seebeck effect” (by analogy with the Seebeck 
effect at the junction of metallic thermocouples). The 
emf is expressed by an equation similar to Eq. 3, where 
adm in this case is the activity of the exchangeable ion 
in the mud filtrate. 

The magnitude of the temperature dependence of 
the exchange potential with shale membranes was meas- 
ured using the cell, 


Ag/AgCl/NaCl )/Shale/ NaCl 
NaCl, (C, )/Ag/AgCl. 


TABLE 5—SHALE AND MUD CAKE STREAMING POTENTIALS WITH 
LaCls SOLUTIONS 


Concentration OIN  .02n .025nN .04N .05N .06N* .08nN* .2N 
dEs;/dP (mv/atm) 

Shale No. 29 — +.34 0 =.20 


*Calculated. 
**Data from Oakes and Burcik’. {0 is Zeta potential at infinite dilution. 
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TABLE 6—PERMEABILITY OF SHALES (millidarcies) 


Shale No. -02 N NaCl -2.N NaCl 1 N NaCl 
A 2 X 10-6 ex 
Cc 3 X 10-4 4 xX 10-4 

D 6 X 10-4 
F 8 10-* — 
G 2 X 10-6 
LK 10-6 — 
1-B 
14 410-4 
29 4X 10-3 — 


’ Since the two Ag/AgCl electrodes are immersed in two 
identical salt solutions kept at the same temperature and 
the difference in transference numbers of Na‘ and Cl 
does not vary appreciably with temperature, the emf 
measured corresponds only to that of the cell, NaCl ie 


(C,) /shale/NaCl, (C .) The results are plotted in Fig. 


7 for NaCl concentrations of .01 N, .1 N, and 1.0-N~ 


(8, .9 and .1 Om, respectively) and are compared with 
the results obtained on synthetic ion exchange mem- 
branes.* The experiment was repeated with a cell where 
the shale membrane had been replaced by a 10-ft 
column of .4-Om mud. The same order of emf values 
was obtained showing that a long mud column acted as 
an ion exchanger electrode. Summarizing, the change 
in emf due to the effect of temperature on the junction, 
clay/mud filtrate might produce a positive base-line 
drift of about 15 mv for a 100°F temperature difference 
in a 1-Om mud. 

In conclusion, it is apparent from these experiments 
that the positive emf from temperature changes with 
depth in a borehole at the junctions lead/mud and mud 
filtrate/shale may offset the. negative shale base-line 

drift of the shale streaming potential with temperature. 


FIELD MEASUREMENTS 


4,9,10,11 


Numerous measurements of streaming potential 
have been made in wells where the mud column had 
been put under an additional pressure or where the mud 
level in the hole had been lowered. But in most cases 
the change in SP with mud pressure was recorded only 
on front of permeable formations with the result that 
only the mud cake streaming potential was measured. 
However, in special instances the SP log was run over 
a complete section including shales and sands. Then it 
was observed repeatedly that a negative shift of the 
entire log occurred even when all precautions were 
taken to keep the potential of the ground SP electrode 
constant. The phenomenon was noted as early as 1934 
by A. A. Perebinossoff in Pechelbronn, France. Another 
example, from California, is shown in Fig. 8. In 1941, 
during an experimental test run in cooperation with the 
Shell Oil Co., a streaming potential of about —7 mv 
was observed in front of a shale section for a 700-psi 
increase in mud pressure. _ 

By applying an alternating pressure of about 100 psi 
at 0.5 cps with a suitable arrangement of the mud 
pump, a vibrated SP log was obtained in 1948. A strik- 
ing feature was that the amplitude of the alternating 
streaming potential was roughly of the same order over 
the whole section, which included shale streaks 5 to 
10-ft thick (Fig. 9). 

Finally, in a recent field experiment with two SP 
electrodes placed respectively in front of a shale bed and 
in front of a permeable zone, an SP change of —8 mv 
was observed in front of the mud cake for a 400-psi in- 
crease in mud pressure, and —4 mv in front of the 
shale for the same pressure difference. The change in 
the SP value referred to the shale base line was there- 
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fore only —4 mv for a 400-psi additional pressure. The 
mud resistivity was 1.9 Qm at 75°F. 

The difficulty of performing a sufficient number of 
controlled experiments in the field with all significant 
parameters known accurately is very great and accord- 
ingly usable experiments are few. Nevertheless, as pre- 
viously mentioned, the large number of cases where the 
water resistivity calculated on the basis of an electro- 
chemical SP alone have agreed with production data 
indicates that the electrokinetic contribution is often 
small. Since laboratory measurements show a very sig- 
nificant electrokinetic potential for most mud cakes, a 
compensating potential such as from the shale is here 
also indicated. 

Of course, specific cases where the mud cake stream- 
ing potential is unusually high or the shale streaming 
potential unusually low will exhibit a very significant 
residual electrokinetic SP component. The example of 
Fig. 8, for instance, presents such a combination. The 
shale streaming potential (.32 mv/atm) is rather low 
for a 5.8-Om mud, while the mud cake streaming poten- 
tial is somewhat above average. 

As pointed out by Wyllie, one special case of residual 
streaming potential on the SP log is in depleted reser- 
voir sands. There the fluid pressure might be much 
lower in the sand than in the adjacent shales since the 
very low permeability of shale would prevent fast re- 
establishment of the pressure equilibrium. Consequently, 
the higher differential pressure across the mud cake than 
across the shales should result in the mud cake stream- 
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ing potential, E,,., being larger than Ey, across the 
shale. The pressure difference between shale and sand 
would also give rise to a streaming potential, Eint, at 
the shale-sand interface. However, the magnitude of 
Ein. would be much smaller than either E., or Eme 
because of the generally low resistivity of connate 
waters. 


It is shown in Fig. 10 that although a definite residual 
streaming potential between mud cake and shale exists 
at low pressure, at high pressure the compaction of the 
mud cakes may decrease it and even reverse its sign. 
The pressure corresponding to an exact compensation 
(cross-over point) might be about 1,600 psi for a 1-Qm 
mud filtrate with an “average mud cake” and an “aver- 
age shale”. Such a pressure is of the same order as the 
difference between formation pressure and mud column 
pressure in some deep wells (10,000 ft). For shallower 
wells and lower pressures the compensation may not 
be exact, but then both mud cake and shale streaming 
potentials are smaller so that even partial compensa- 
tion would leave only a few millivolts for the streaming 
potential component of the SP. For muds fresher than 
1 Qm, the cross-over point should occur at a higher 
pressure, and under ordinary conditions there will be 
some residual negative streaming potential component 
whose magnitude will depend on the electrokinetic 
properties of both the mud cake and the shale. 

To evaluate the extent of the compensation between 
shale and mud cake streaming potentials with actual 
field muds, a statistical study was made by combining 
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our data on shale streaming potentials with tnose un 
mud cakes obtained by Moore” on 31 field muds from 
various parts of the country, and ranging in resistivity 
from .18 Om to 3.79 Om. The values of E, at 100, 300, 
500, 800, and 1,000 psi were calculated for each one of 
our 14 shales and subtracted successively from each of 
the E,, values measured by Moore on his 31 field muds 
at the same pressure. The result for each value of the 
pressure was a set of 14 X 31 = 434 residual poten- 
tials (E,.. — Esn) corresponding to the electrokinetic 
components of the SP which would be observed in the 
hypothetical case of a well drilled into shale formations 
with any one of Moore’s field muds. 

These residuals were then tabulated in 5-mv incre- 
ments and the number of residuals in each interval was 
plotted vs the mean value of the interval. The smoothed 
Out statistical curves obtained in this manner are shown 
in Fig. 11. It appears immediately that the compen- 
sation is quite fair, with a maximum number of cases 
corresponding to a value of the electrokinetic component 
of the SP between — 5 and — 10 mv. 

Other factors (such as a slight amount of shale in 
so-called “clean sands”, or departure from ideal be- 
havior of the shales, or the effect of invasion, etc. . . .) 
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which have been neglected in the formulation of the 
simple SP equation tend to reduce the amplitude of the 
SP. Accordingly, a small residual electrokinetic poten- 
tial may frequently, by partial cancellation of these sec- 
ond-order terms, lead to a final SP value closer to the 
theoretical electrochemical value. 

The SP shift in front of shales as well as in front of 
sands observed in field experiments as in Fig. 8, when 
an additional pressure is applied to mud column, is now 
easy to understand. Cases where the same increase in 
mud pressure may sometimes produce a decrease in the 
SP in front of certain formations and an increase in 
front of others may be explained as follows. The 
streaming potential component of the SP, AE, = (Em. 
— E,,), plotted vs differential pressure in Fig. 10 ex- 
hibits a maximum. (The pressure corresponding to the 
maximum is that for which dE,/dP is the same for mud 
cake and shale.) When a well is submitted to an addi- 
tional mud pressure besides the initial differential hydro- 
static pressure, the following phenomena are to be 
expected: (1) for low initial differential hydrostatic 
pressure, the effect of an additional mud pressure is to 
increase the SP (Region A in Fig. 10); (2) for a 
higher initial differential hydrostatic pressure, the SP 
remains practically unaffected by limited changes in 
mud pressure (Region B in Fig. 10); (3) for a still 
higher initial differential hydrostatic pressure, any pres- 
sure increment results in a decrease of the SP (Region 
C in Fig. 10). All three phenomena have been observed 
in the field, although attention has been given primarily 
to the first one. 

The displacement of the frequency peak on the sta- 
tistical curves of Fig. 11 as a function of the differen- 
tial pressure also strongly indicates that the electroki- 
netic component of the SP (E£,.. — E.,) first increases 
with pressure, passes through a maximum and then 
decreases. 

One possible explanation for the streaming potential 
of some mud cakes being lower than that of shales at 
very high compaction pressures beyond the cross-over 
point where the two would normally be assumed similar 
may be that the clay particles in most “low water-loss” 
muds are mixed with organic colloids (starch, CMC, 
tannex, etc.) which tend to make the total charge 
density per unit volume of clay lower in the compacted 
mud cake than in the shale. This explanation is borne 
out by the experimental results of Salisch” who found 
that the streaming potential across mud cakes was low- 
ered by the addition of starch, all other mud constit- 
uents remaining the same. 

Finally, the wide variations between the electroki- 
netic properties of different shales and different mud 
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cakes explains why in certain cases a very significant 
electrokinetic component of the SP is present. For 
instance, the combination of a shale such as No. 29 
with a very active mud cake such as Wyllie’s No. 15- 
natural mud from Venezuela (E, = —44 mv at 500 psi 
for a 2.3-Om mud) would result in a streaming potential 
component of —44 + 2.7 = —41.3 mv on the SP log. 


CONCLUSIONS 


The existence of a streaming potential across shales 
as well as across mud cakes has been proved by both 
laboratory and field experiments, and has been shown 
to account for many unexplained features of the SP log. 
In particular, it shows that in many cases the over-all 
contribution of electrokinetic phenomena to the SP log 
is minor and tends to compensate for the second-order 
terms which are neglected in the usual expression of 
the electrochemical SP. 

There may be instances where, due to a particular 
combination of shale and mud cake properties or to an 
unusual pressure distribution (depleted sand), the elec- 


, trokinetic component of the SP is not negligible. 


For high resistivity muds and high differential pres- 
sures (1,500 psi), the extent of the compensation will 
depend primarly on the electrokinetic properties of both 
mud cakes and shales. Unless these are known, it may 
be necessary to rely on local field experience in particu- 
lar formations drilled with a given type of mud. How- 
ever, it is not advisable to apply the same “streaming 
potential correction” in all cases since the correction 
may change radically when a new type of mud is used. 

For low resistivity muds (R,,< 10m) both the 
streaming potentials in front of mud cakes and in front 
of shales are small and their difference may not be 
significant on the SP log. 
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APPENDIX 


NON STEADY STATE-PRESSURE DISTRIBUTION 
OF THE FLUID FLOWING INTO A SHALE 


In the evaluation of FE, 11. under the borehole con- 
ditions it was implied that all of the pressure drop be- 
tween mud and formation pressures occurred in the 


178 


portion of the shale bed in equilibrium with the mud 
filtrate. In order to substantiate this assumption the 
relative positions of the spatial pressure distribution and 
of the diffusion front in shale are calculated. It is shown 
that both fronts progress approximately at the same 
rate. 


ASSUMPTIONS 

Both the fluid and the pore space are compressible. 
The flow obeys Darcy’s law. The filtrate has the same 
compressibility, density and viscosity as the formation 
water. For simplicity we will assume a linear flow into 
a semi-infinite medium bounded by a plane surface. The 
case of a radial flow into an infinite medium bounded 
internally by a cylindrical surface has been treated”, 
but it is felt that a plot of the corresponding solution 
would take considerably more time and would not dif- 
fer too much from the simple solution of a linear flow. 
At any rate, the main effect of the radial distribution 
would be to make the pressure front more abrupt and 
to slow down its rate of progression. 

The following basic equations are for linear flow. 


K oP 

Ox 

Material balance equation: 

0 
Ox ot 

Compressibility equations: 


and 
o = oe" (for the shale pore space) , 
where Q is the rate of flow into the shale, P, the fluid 
pressure inside the shale at a distance of x from the wall, 
P, the formation pressure, K the shale permeability, 
uw the fluid viscosity, t the time, p the fluid density, ¢ 
the shale porosity, and c’ and c the compressibility coef- 
ficients of the fluid and of the pore space, respectively. 
Then, 


1 pp 
(5) 


and by differentiating with respect to x and substituting 
into Darcy’s law, 
K 


Then the material balance equation becomes 


But for relatively small values of P, it is possible to ap- 
proximate p by 

Differentiating with respect to x and to t the material 
balance equation becomes 
K oP 9 
which is identical to the common differential equation 
of diffusion, 

eC] eC 

| 
in which the concentration C has been replaced by the 
pressure P, and where the diffusion coefficient, 

K K 


(6) 


(10) 


PERTROTRIIM TRANCA TIANC 


| 

| 

| 
— 

| 

| 

| 
| 
| 


which will be called the “diffusivity” coefficient of the 
fluid into the shale. 


The solution of Eq. 10 when D is an exponential 


function has been given by Crank”, but in the low pres- _ 


sure range P = 200 psi and for compressibilities of pore 
space of the order of 50 X 10° cc/cc/atm (assuming 
that the shale pore space compressibility is of the same 
order of magnitude as that measured on sandstone by 
Fatt") the term e” = 1.01 so that D remains practically 
independent of P. 


K 
PACE 
Then the solution of Eq. 10 becomes simply 
. .. . . (13) 
( ) er 2\/Di (13) 
where P,, — Py is the total differential pressure. 


The evaluation of D on shales can be made directly 
using the “time-lag” method developed by Barrer’® for 
the measurement of diffusion coefficients. 


In the permeability measurement the rise of the col- 
ored fluid in the glass capillary is plotted as a func- 
tion of the time elapsed after application of the pres- 
sure difference across the shale membrane. The type 
of curve obtained is shown in Fig. 12. The permeabil- 
ity K is obtained from the slope of the straight-line 
portion (steady-state flow) and it can be shown that 
the diffusivity coefficient is related to the lag time L by 

h? 
where hf is the thickness of the shale membrane. 


The values of D obtained on three different shales of 
permeabilities ranging from 10% to 10° md varied from 
10° to 10°° cm*/sec. These values are in excellent agree- 
ment with those measured by Terzaghi” on surface 
clays. Using our experimental data for K, D and ¢, in 
Eq. 12 one can calculate (c + c’). The values obtained 
are at least one order of magnitude larger than the 
compressibilities of reservoir rocks measured by Fatt”. 
Even so, the term e’” remains close enough to the value 
of 1 that D can be taken as constant in the 200-psi 
pressure range used in the experiment. For high pres- 
sures, however, the term e” must be taken into account. 
As a result, the pressure front is slightly more abrupt 
than for a constant D. It is seen that the pressure drop 
is contained entirely in a zone very close to the face of 
the formation (Fig. 13). 


The cumulative flow, Q,, can also be calculated by 


t 
k oP 
0, | =) | (15) 
or, with a constant ae 
V 


If one assumed a piston-like displacement of the for- 
mation water by the mud filtrate, the corresponding 
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depth of invasion into low permeability shale would be 
only 8 X 10° cm after one day for D = 10° cm’/sec 
and K = 10° md; but at these very low flow rates other 
effects such as mixing due to “channeling” and ionic 
diffusion from the concentrated formation water into 
the dilute mud filtrate appreciably extend the “invaded” 
zone in the shale. ~ 

The diffusion coefficient, D’, for shale at the forma- 
tion temperature is not known, but one can calculate 
its order of magnitude from the shale conductivity, K, 
and fixed charge concentration, A, using the Nernst-Ein- 
stein equation. _ 


RT 


where X is the equivalent conductance of the shale, 


A(eq/cc of shale) (18) 


and z the valence of the diffusing ion. This neglects the 
electro-osmotic contribution to the shale conductivity, 
but this effect is quite small at high concentrations. The 
fixed charge concentration, A, at high concentrations 
can be evaluated from measurements of the base ex- 
change capacity. An average BEC value of about 11 
meq/100 gm of shale, with a shale density of 2.5 gives 
A = .275X 10% eq/cc. An average shale conductivity 
at a bottom-hole temperature of 350°K may be taken 
as about 10 X 10° mho/cm. D’ given by Eq. 17 is 
therefore, 
(96,500)* 107" 


= 1.1 X 10° cm’/sec. 
This figure is in general agreement with the values meas- 
ured on synthetic ion exchange membranes”. Ionic 
diffusion alone, even in the absence of any pressure 
gradient, accounts for a penetration of the invasion front 
into the shale as deep as that of the pressure front. 
When other factors such as mixing due to microscopic 
channeling, as commonly observed in porous rocks, and 
swelling of the clay matrix are taken into account, it 
seems quite reasonable to assume that the portion of 
the shale in equilibrium with the mud filtrate extends 


over the entire zone where a pressure gradient exists. 
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The Cutting Carrying Capacity of Air 
At Pressures Above Atmospheric 


KENNETH E. GRAY 
JUNIOR MEMBER AIME 


The turbulent flow drag coefficients, or friction fac- 
tors, have been experimentally determined for the cut- 
tings normally encountered in drilling operations. 

The gas law and average drag coefficients for charac- 
teristically flat particles (limestones and shales) and for 
angular to sub-rounded particles (sandstones) were used 
to extend Newton’s equation to a more useful form. 
The resulting equations are expressions for the slip 
velocity of a particle as a function of the particle size 
and shape, the bottom-hole injection pressure, and the 
bottom-hole temperature. 

The velocities necessary to lift actual rock cuttings 
as observed in the laboratory were compared with ve- 
locities predicted from the derived equations. Results 
indicate that there is no single correct circulating velocity 
and that the commonly used 3,000 ft/min linear velocity 
may be sufficient to lift only very small particles. The 
advantage, in terms of horsepower requirements, of 
cycling high pressure air to obtain lower compression 
ratios was shown. 


A promising departure from standard rotary hy- 
draulic drilling is air or gas drilling. In many instances 
the rate of penetration and bit life increases resulting 
from this method have been very substantial. Further 
the application of air drilling in areas of lost circulation 
or water sensitive pay zones has been highly successful. 


PURPOSE 

For the drilling contractor, the practical question re- 
mains, “How much air pressure and volume should I 
have?” It is necessary to have a reasonable knowledge 
of the air velocities and pressures required in air drill- 
_ing operations for the proper design and most advan- 
tageous use of surface equipment and for adequate re- 
moval of cuttings from the borehole. Based on experi- 
ence, most operators agree that at least 3,000 ft/min 
linear velocity is necessary for satisfactory hole clean- 
ing.” 


Original manuscript received in Society of Petroleum Engineers 
office July 19, 1957. Revised manuscript received April 21, 1958. 
Paper presented at 32nd Annual Fall Meeting of Society of Petro- 
leum Engineers in Dallas, Tex., Oct. 6-9, 1957. 

1References given at end of paper. 
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It was the purpose of this investigation to evaluate 
the drag coefficients, or friction factors, for the cuttings 
normally encountered in drilling operations, i.e., sand- 
stones, limestones and shales, and to utilize the values 
obtained to develop an expression for the minimum 
velocities and pressures (hence the volumes) necessary 
to lift these cuttings. 


THEORY 


Several investigators’** have done extensive work on 
the ability of drilling mud to lift bit cuttings. They 
conclude that the ability of a drilling mud to lift 
cuttings is dependent on the density difference between 
the rock being drilled and the drilling mud, the cutting 
size and shape, the mud flow constants, and the flow 
state (laminar, transitional or turbulent) of the mud. 
However, drilling muds are not true fluids but have a 
variation of viscosity with velocity in laminar flow and 
a constant apparent viscosity in turbulent flow. 

A survey of the literature revealed that no experi- 
mental work had been done to determine the velocities 
necessary to lift actual rock cuttings using a compres- 
sible fluid such as air or gas. In 1953, Nicolson® stated 
that in air drilling fluid mechanics the particles could 
be assumed spherical in shape and that a constant drag 
coefficient of 0.5 could be used due to the highly turbu- 
lent flow of the circulating air. By equating the turbu- 
lent resistance on the particle to the gravitational force 
on the particle, he obtained the expression, 


Pr 


where V, is slip velocity of spherical particle, ft/sec; 
D is particle diameter, in.; p, is particle density, Ib/ft’; 
and p, is fluid density, lb/ft’. 

However, as stated earlier, most operators seem to 
agree that adequate hole cleaning can be obtained by 
circulating a sufficient volume of air to give a linear 
velocity of 3,000 ft/min in the annular space. 


Basic EQUATION 


The velocity with which a solid particle freely falls 
through a fluid will increase until the accelerating force, 
gravity, is equal to the resisting forces, buoyancy due 
to the fluid displaced by the particle and friction due 
to the relative motion of the particle through the fluid. 
When the accelerating and resisting forces become equal, 
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the solid continues to fall at a constant maximum or 


terminal velocity unless additional forces upset this 
balance. It is this terminal velocity, commonly called 
slip velocity, which is of interest in air drilling, and it is 
given by 


— p;)gD 
Vo. = 
3p; fo (2) 


where g is the gravitational constant, (32.2 ft/sec?) and 
fy is the drag coefficient. 

Eq. 2, which holds true for laminar, transitional, or 
turbulent flow is frequently termed Newton’s law. It 
expresses the maximum velocity for falling spheres in a 
fluid of infinite extent in terms of a variable friction 


factor or drag coefficient, f,. The complete derivation is 


given in the Appendix. 


The drag coefficient, f,, is a function of the Reynolds 
number, R,, and when D, p,, or V, is unknown, Eq. 2 
must be solved by a trial-and-error procedure because 
these terms appear in both the friction factor and the 
Reynolds number. However, the trial-and-error proce- 
dure when solving for V, may be eliminated by a 
method outlined by Brown’, as shown in the Appendix. 


WALL EFFECT ON SLIP VELOCITY 


If the fluid is confined in an annulus or otherwise so 
that it may not be regarded as infinite in extent, the 
projected area of the falling particle is not negligible 
with respect to the cross-sectional area of the annular 
space through which it is moving. The effect is to in- 
crease the resistive force on the particle, and the appar- 
ent slip velocity calculated from the annular dimen- 
sions and flow rate is lower than the theoretical slip 
velocity of that particle in a fluid of infinite extent. Ac- 
tually, slip velocity is the relative velocity between the 
particle and the fluid and is, therefore, the same in 
either case. 

For an annulus, an empirical correction or “wall ef- 
fect” factor by which V, may be modified has been 
suggested.” 


For turbulent conditions, 


where V, is the apparent slip velocity, V, is the theoreti- 
cal slip velocity, and d is the equivalent diameter 
of the annulus (four times hydraulic radius). 


EFFECT OF PARTICLE SHAPE ON SLIP VELOCITY 


If the particle is not spherical in shape, the slip ve- 
locity, V,, is some value less than that required for a 
perfectly spherical particle. It has been customary to 
multiply the V, for a spherical particle by the sphericity, 
¢, in order to determine the actual slip velocity for an 
irregularly shaped particle. The sphericity’ (¢) is the 
surface area of a sphere having the same volume as the 
particle divided by the surface area of the particle. 


where n is ratio of specific surfaces, D.,, is average 
screen size, and D, is diameter of sphere having same 
volume as particle. 

The application of the correction factor sphericity, 
¢, is useful when the particle in question is of a regu- 
lar shape such as a cube, cylinder or disk. However, 
it is difficult to apply to an irregular particle such as 
a rock cutting due to the difficulty in evaluating the 
ratio of specific surfaces, n. 
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Referring to the Stanton diagram shown in Fig. 1, it 
appears that the drag coefficient, fp, for a given set of 
conditions, should be essentially constant in highly 
turbulent flow. Furthermore, for the condition of turbu- 
lent flow, the drag coefficient is, for all practical pur- 
poses, independent of viscosity. The magnitude of fp 
for a given system should be a function of the charac- 
teristic shape of the particle being lifted, that is, its 
deviation from spherical shape. It follows, then, that by 
evaluating fp for a given shape of rock particle, the 
problem of determining the sphericity of that particle 
may be circumvented. 


APPARATUS AND PROCEDURE 


APPARATUS 


The apparatus used in this investigation is shown in 
Figs. 2 and 3. Transparent Lucite tubing having an ID 
of 4 in. and a wall thickness of 0.25 in. was used to 
represent the annular space of a borehole. The drill 
pipe, represented by 1.5-in. pipe, was rigidly centered in 
the annular space as shown in Fig. 2. The over-all length 
of the flow string was approximately 20 ft. 

The pressure lines were placed inside the drill pipe 
rather than into the plastic tubing so as not to weaken 
the Lucite flow string. 

The injection and back pressures were indicated on 
the duplex gauge; the pressure drop between the point 
of cutting injection and various points up the flow-string 
could be read on the mercury manometer. 

The back-pressure valve consisted of 1-in. rubber 
tubing in a short piece of pipe slightly large in diameter 
(see Fig. 3). Air forced into the annular space between 
the tubing and the pipe caused the rubber tubing to 
“neck down” and restrict the flow of air through the 
system, yet allow rock cuttings to pass through the 
valve. By controlling the pressure exerted on the rubber 
tubing by means of a 0- to 200-psi regulator (the back- 
pressure regulator shown in Fig. 2) the desired back 
pressure could be held on the system. 


PROCEDURE 

1. A sample of rock cuttings, having been sized with 
Tyler screens, was placed in the lubricator, and air from 
the storage tanks was passed through the orifice meter 
at a low rate. 

2. The back-pressure valve was adjusted to restrict 
the flow rate to a very small value. 

3. The injection pressure was then increased and the 
back pressure steadily decreased until the cuttings were 
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suspended in the flow string. The movement of the cut- 
tings up or down the annulus could be easily controlled 
with the back-pressure valve. 

4. While the cuttings were suspended, the orifice 
meter readings, flowing temperature, and the injection 
and back pressures were recorded. 

5. In addition, the pressure drops between the in- 
jection point and the various positions up the flow string 
were recorded. 

This procedure was repeated at flowing back pres- 
sures ranging from 0 to 81 psig. 

6. To evaluate fp for a characteristic cutting shape, 
the apparent velocity, V,, calculated from flow data and 
the geometry of the flow string, was corrected for wall 
effect to give a V, in an infinite fluid system (V, would 
then be numerically equal to V,). This value for V. 
was substituted into Eq. 2 and f, calculated for that 
trial. The resulting values for f) were averaged, and 
this average value was then used as the theoretical f, 
for that cutting shape in subsequent use of Eq. 2. 

Each experimental value for fp obtained in the listed 
manner was for an air stream of a specific density and 
velocity. Although fp is a function of the velocity at 
which the flowing fluid is passing the cuttings, after 
turbulent flow has been established f, is not greatly 
influenced by increases in the velocity of the air stream. 
On this basis it was assumed that in turbulent flow, 
cuttings which are characteristically flat, or flake-like 
(such as limestone or shale) would have the same con- 
stant drag coefficient. Rounded particles such as sandstone 
cuttings would have some other constant drag coefficient. 


EXPERIMENTAL RESULTS 


Table 1 gives a summary of the experimental data 
taken and the calculations made to compare observed 
and theoretical slip velocities of limestone and sand- 
stone particles. The percentage deviation was calculated 
using V, and V, (theoretical). 


EXTENSION OF Basic EQUATION 
Having experimentally established a drag coefficient 


182 


‘of 1.40 for flat particles (shales and limestones) and 


0.81 for angular to sub-rounded particles (sandstones) , 
Eq. 2 may be further simplified. 


4(p, — p,)gD 
3p; fo 
Recalling from the gas law that 


where v is specific volume, ft’/Ib; P is pressure, psia; 
R is gas constant, 10.73; T is temperature, °R; M is 
molecular weight; and Z is deviation factor. 

Thence 

1 
Using the average experimentally determined fp of 1.40 
for flat particles (limestone or shales) and remember- 
ing that for air; M = 29, R = 10.73, and Z = 1.0 (at 
100°F, Z ranges from 1.00 to .996 as P ranges from 
atmospheric to 500 psia). 
P(29) 

(1) (10.73) (T) 

By substituting p, and f, into Eq. 2, the following 
equation is obtained. 


p,(air) = 


P 


where T is bottom-hole temperature, °R, and P is bot- 
tom-hole injection pressure, psia. Eq. 7 may be very 
closely approximated by 


A similar procedure for sandstone particles, using 
an fp of 0.81 will yield the equations: 


and 
3 
( 1.445 (10) 


The density of sand, lime or shale falls within a lim- 
ited range. The bottom-hole injection temperature will 
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be somewhat lower than the temperature of the com- 
pressed air due to the temperature drop caused by 
the expansion of air across the bit jets. The temper- 
ature drop due to air expansion may be determined, 
but as will be shown, knowledge of its exact magnitude 
is not necessary. 

By substituting average values for p, and arbitrary 
values for T, Eqs. 7 or 8 and 9 or 10 may be used to 
construct curves showing slip velocity, V,, as a function 
of bottom-hole injection pressure with particle diameter 
as a parameter. Fig. 4 shows such a plot for the lime 
and shale particles using a p, of 175 1b/ft® and a bot- 
tom-hole temperature of 100°F. Fig. 5 shows a plot 
for sandstone particles using a p, of 162 1b/ft® and a bot- 
tom-hole temperature of 100°F. 


Eqs. 7 through 10 are essentially insensitive to 
changes in p, or T since both p, and T are large num- 
bers and appear in a square root term. The values for 
slip velocity read from Figs. 4 or 5 could be easily cor- 
rected for other densities or bottom-hole temperatures. 
For example, if the bottom-hole temperature were 150°F 
instead of 100°F as shown on the figures, the correction 
factor would be (610/560)? = 1.04. Thus, for the ex- 
ample given, an error of 50° results in an error of 4 
per cent for the slip velocity, V,. 


DISCUSSION OF EXPERIMENTAL RESULTS 


The assumption that the drag coefficient for a charac- 
teristic cutting shape should be a constant in turbulent 
flow was verified within reasonable limits of accuracy. 
As-a result, the actual velocities, V., compared quite fa- 

-vorably with the theoretical velocities, V,. This is espe- 

cially heartening in view of the fact that gas volume 
measured with an orifice meter may be in error by a 
substantial amount. 


DISCUSSION OF EXPERIMENTAL RESULTS IN 
TERMS OF AIR DRILLING OPERATIONS 


Eq. 2 was derived using as one assumption that the 
fluid be incompressible. Actually, it is only necessary to 
know the density of the lifting fluid at the most critical 
point, namely, at the bottom of the hole. Thus in Eqs. 


7 through 10 the density is taken into account by vir- 
tue of P, the bottom-hole injection pressure and T, the 
bottom-hole temperature. 


The slip velocities reported herein must be consid- 
ered as minimum values inasmuch as they were ob- 
tained when the velocity of the cuttings relative to the 
borehole was zero. In actual drilling the cuttings must 
have a net velocity up the hole equal to or greater than 
the drilling rate. 


LINEAR VELOCITY REQUIREMENTS 


Figs. 4 and 5 indicate that there is no single correct 
circulating velocity and that the commonly used 3,000 
ft/min linear velocity of free air is sufficient to lift 
only very small particles, especially if they are angular 
to sub-rounded in shape. For example, Fig. 5 shows that 
at atmospheric pressure, a linear velocity of 3,000 ft/ 
min (50 ft/sec) will suspend a sandstone particle hav- 
ing a diameter of slightly more than 0.2 in. Consider- 
ing a pressure correction alone, the 50 ft/sec velocity 
would be equivalent to a velocity of about 7.4 ft/sec at 
100 psia. Yet Fig. 5 shows that at 100 psia, a minimum 
velocity of approximately 18 ft/sec is necessary to lift 
the cutting. This strongly illustrates the fact that the 
lifting power of air is proportional to the density and 
square of the velocity, the effect of velocity being much 
greater. 


Thus, even by ignoring friction losses and temper- 
ature effects, a linear velocity of 3,000 ft/min is suffi- 
cient to lift only the very small particles in a system 
having a bottom-hole pressure as low as 100 psia. Per- 
haps this partly explains why air drilled cuttings are 
usually of dust proportions. High-speed motion pictures 
of a rock bit drilling at atmospheric pressure reveal puffs 


_ of powder plus chips near the penetrating tooth as these 


particles are suddenly detached from the main body of 
the formation. It would seem that the larger chips re- 
main at or near the bottom of the hole until they are 
broken up by grinding action of the drill pipe, and by 
striking each other, the walls of the hole, or the tool 
joints until they are sufficiently small to be lifted up 
the hole by the available air velocity. This is not to im- 
ply that the size of the cuttings and penetration rate are 
necessarily related. 


TABLE 1—SUMMARY OF EXPERIMENTAL DATA TAKEN AND CALCULATIONS MADE TO COMPARE OBSERVED AND THEORETICAL SLIP VELOCITIES OF 
LIMESTONE AND SANDSTONE PARTICLES. 


3.778) Digs = p) 
fi 


Type p by Vv? p Vs Va Per cent 
particle Q Q’ Va D D/d Vs = Va(l + D/d) J ps Seay Theoretical Theoretical deviation 
Sand- 91.6 93.7 23.3 .079 .0372 24.2 0748 161 1.037 275) 26.5 12.10 
stone 115 95 23.6 .079 -0372 24.5 0927 |b/ft® 24.7 23.8 .84 
169 65.5: 16.25 .0372 16.85 1468 1.09 16.85 16.25 .00 
116 116 28.8  .079 0372 29.9 .0765 -667 27.1 26.1 10.35 
144 141 2 0527, 36.9 .0783 -606 31.9 30.3 15,50 
154.5 149 37.0. .158— .0743 39.8 .0795 72 37.7 35.1 5.41 
250 95.8 23.8.-°158  .0743 25.6 -200 -695 24.7 22.1 7.69 
321 64.5 16.0 .158 .0743 17.2 -382 .863 17.2 16.0 .00 
avg .805 avg. 6.49 
98 4.28 
Lime- 207 54.1 13.42 .158  .0743 14.4 164 1.52 15.0 
eioup 205.7 59.4 14.72 .158 .0743 15.8 .278 Ib/ft® 1.33 15.44 14.38 2.08 
263 55.6 13.80 .158 .0743 14.8 1362 1.167 13.5 12.6 Bre 
301 AS 212103) 1053 13.3 1.56 14.05 
245.5 71.9, 17.83 .224 1053 19.7 261 1.298 18.92 
177.7. 110.4 27.42 .224 1053 30.3 1225 1.168 27.6 25.0 ee 
251 70.25 17.42 .317 1480 20.0 .274 1.693 22.0 19.2 238 
204 103,78 1480 29.5 1925 1.110 29.7 25.9 
avg. 1.400 avg. 7.10 
3 .371Tps 
Q =scf/min D = oarticle diameter, in. Theoretical Vs = K Dt == [)} 
" = ft8/mi injecti essure = equivalent diameter = ID K = 2.1 for sandstone 
: Lucite — OD drill pipe K = 1.6 for limestone 
Ve = I; = fluid density at injection pressure Theoretical Va = (1 + D/d) 
.0672 X 60 and flowing temperature 
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HORSEPOWER REQUIREMENTS 


Referring again to Figs. 4 and 5, note that the slip 
velocity decreases rapidly as the injection pressure in- 
creases from atmospheric to 200 psia. Further increases 
in pressure have a relatively small effect on slip velocity. 
The horsepower requirements, however, are not so ob- 
vious. 

Suppose, after sustaining certain pressure losses in 
the surface connections, in the drill pipe and across 
the bit, the apparatus previously shown is operat- 
ing at 100-psia bottom-hole injection pressure and 
ejecting cuttings to the atmosphere (it is universal prac- 
tice to eject the cuttings to the atmosphere) while for 
another case the system is operating at the same pres- 
sure drop, namely 85 psia, but the bottom-hole injec- 
tion pressure is 500 psia and the outlet pressure is 415 
psia. Assume that limestone cuttings having a diameter 
of 0.20 in. are being lifted. From Fig. 4, the slip veloci- 
ties are 13.6 and 6.05 ft/sec, respectively, for injection 
pressures of 100 and 500 psia. The cross-sectional area 
of the annular space of the apparatus shown in Fig. 2 
is 0.0672 ft’. 

Volume, = 54.8 ft'/min at 100 psia = 347 scf/min 
Volume; = 24.4 ft’/min at 500 psia = 772 scf/min 
(Note that these volumes correspond to free air linear 
velocities of 5,170 and 11,500 ft/min, respectively.) 
The compression ratio in each case is 


100 
Ras 6.80, 
and 
500 
= — I. 
5 A415 


and the isothermal horsepower requirements are given 
by 

where Q is scf/min delivered, and R, is the compression 
ratio. 

hp. = .1479 (347) (.832) = 42.7 hp 

HPs = .1479 (772) (.082) = 9.37 hp 
The air delivered per horsepower input in each case 
is: (1) at 100 psia, 347/42.7 = 8.14 scf/min per hp 


input; and at 500 psia, 772/9.37 = 82.4 scf/min per 


hp input. Thus, it can be seen that even though it 
would be necessary to inject slightly more than twice 
the amount of air at 500 psia as would be necessary 
at 100 psia, the air can be delivered 10 times cheaper 
at the higher pressure due to the lower compression 
ratio. Inasmuch as compressor costs are a direct func- 
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tion of compression ratio, it would seem to be advan- 
tageous to cycle high-pressure air in order to take ad- 
vantage of the lower compression ratios where con- 
ditions for such operations are favorable. To prevent 
loss of pressure while a connection is being made, a 
drillpipe float could be used. 

Admittedly, this illustration is over-simplified, for in 
actual operations it would be necessary to consider, in 
addition to the possibility of encountering water, the 
fact that particle slip effectively increases the volume 
of suspended cuttings and that considerable flow resis- 
tance is encountered in the drill pipe and bit, and in 
the cuttings loaded air stream in the annulus. The ex- 
ample is merely to point out the possible advantage 
to be gained by cycling high pressure air. The advan- 
tages of a closed system would increase, although not 
linearly, with the higher pressures necessary in deeper 
holes. At shallow depths where low pressures are ade- 
quate, the compression ratio would still be low, and the 
closed system would be less attractive. 

It is of interest also that both friction losses and 
drillpipe erosion are functions of the square of the ve- 
locity of the moving air stream; both should be re- 
duced by the lower flow rates inherent in high pressure 
cycling. 


CONCLUSIONS AND RECOMMENDATIONS 


Slip velocities, calculated from experimentally deter- 
mined drag coefficients, had deviations ranging from 0 
to 15 per cent with an average of 6.49 per cent for 
sandstone and 0 to 11.8 per cent with an average of 
7.10 per cent for limestone. 


The commonly used 3,000 ft/min linear velocity of 
free air is sufficient to remove only the very small rock 
particles from the borehole. 


Horsepower requirements may be lowered by cycling 
high pressure air to take advantage of lower compres- 
sion ratios. However, it would be necessary to remove 
all the cuttings and dust from the air prior to its be- 
ing returned to the compressors for repressuring. It is 
recommended that a cyclone separator, to be used in 
conjunction with a high pressure filter system or water 
spray, be developed for this application. 
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The derivation of the basic equation for slip velocity 
is based upon the following assumptions: (1) the solid 
is a non-porous, incompressible spherical particle; (2) 
the fluid is incompressible and of sufficient extent to 
eliminate the effects of the confining walls; (3) the 
accelerating force is derived from a uniform gravita- 
tional field; and (4) other particles do not affect the 
motion of the particle under consideration, that is, the 
particle is falling freely. 

The resultant force tending to move the particle 
downward is the summation of the following forces: 

where F” is resultant force on particle, m is particle 
mass, a is acceleration of particle dV/dT, g is gravi- 
tational constant, mg is gravitational force on the par- 
ticle, wg is buoyant force on the particle, and F’, is 


resisting force due to friction effects or that required 
to accelerate the fluid being displaced. 

All of the terms can be evaluated except the resist- 
ing force, F’. Newton® developed an expression for the 
resisting force as follows: 

where p; is fluid density, V is particle velocity, 
f is general friction factor, and A is representative 
area. For a sphere, the representative area, A, is the 
projected area, 7D*/4, and 
7 
where fp is the friction factor, or drag coefficient, for 
the specific application of Eq. 13, namely, to spheres. 

By substituting Eq. 14 into Eq. 12 the steady-state 
maximum falling velocity, or slip velocity, may be com- 
puted. 


(13) 


(14) 


dV 
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a dV a a D*p,V* 
(2 6 aT = py) = 8 


ps 
Eq. 17 may be integrated for the velocity, V, at any 
time, T. However, the maximum velocity may be ob- 
tained directly, since for the condition of maximum 
velocity, V., the acceleration, dV/dT, is equal to zero. 


(17) 


3 Vax 
Ps 4Dp, 
4(ps — py) gD 
= 19 
3p; fo ( ) 
3p; fo 


where V, is slip velocity, ft/sec. 

When V, is desired, the trial-and-error procedure 
may be eliminated as shown by the following equations. 
Solving Eq. 20 for f, and writing it in logarithmic 
form gives, 


4(p. — 
D 
log log — —2 log Vix 
3p, 
and the Reynolds number, 


where « is the viscosity, and the other nomenclature is 


_ the same as previously given. 


Eliminating log V, between these equations gives 


4(p. — pr) gD"p; 
3p" 


log fo = — 2logR, + log 


(24) 


This is an equation between fp and R, in which V, does 
not appear, and may be plotted on a graph of fp vs R. 
with a slope of (— 2) and passing through the points, 


4(p, — ps) gD"p; 


R, = fp = 


and 


4(p. — p;) 
The intersection of the straight line of Eq. 24 with a 
plot of fp vs R, (Stanton diagram) gives the desired 
value of the Reynolds number incorporating the value 
of V,. The value of V, can then be computed directly 
from the value for R., since D, p; and » are known 
(see Fig. 1). took 
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The Injection of Detergent Slugs in Water Floods 


J. J. TABER 


A 


A major obstacle to the use of wetting agents in sec- 
ondary recovery by water flooding is the adsorption of 
the agents on the sand. As a result of adsorption, the 
surfactant always lags behind the floodwater front. Con- 
sideration of the chromatographic theory of adsorption 
indicates that the detergents will not lag as much if used 
in very high concentrations. An investigation was made 
of the possibility of using high concentrations economic- 
ally by flowing slugs of wetting agents followed by 
normal flood water. The experiments consisted of ad- 
sorption studies on Alundum powder and Berea sand- 
stone. Flow tests on a 12-in. Alundum core and 22-in. 
Berea core were used to determine rate of detergent 
movement. The results of the flow experiments indicate 
that the relative rate of surfactant advance is, indeed, 
sensitive to the concentration of the agent. A 10 per 
cent slug moved with a rate that was 78 to 95 per cent 
as fast as the rate of advance of the flood water. By 
contrast, one with 25 ppm (the number of parts of com- 
mercial detergent in a million parts of water on a weight 
basis) concentration moved less than one-fourth as fast 
as the flood water, and calculations indicate that in 
very long porous systems the rate of movement of the 
lower concentrations will be a small fraction of the rate 
of advance of the flood front. 


The results of the adsorption studies were utilized 
to calculate the rate of advance of the detergent when 
‘only the initial concentration was known. The calcu- 
lated rates showed substantial agreement with the ex- 
perimental flow tests in the high concentration ranges. 
The adsorption results were also used to estimate the 
cost of the materials for a slug-type surfactant flood in 
the field. 


In addition to the faster rates of movement, the con- 
centrated detergent slugs removed much more oil than 
the dilute solutions. However, the effectiveness of the 
slug process depends on many variables. The quantity 
of oil removed is increased markedly by increasing the 
flooding rate. The efficiency is also influenced by the 
type of crude, type of reservoir rock and initial water 
saturation. Therefore, a careful analysis of each reser- 
voir system is required before the economic value of 
the process can be determined. 


It is well known that the displacement of oil by 


Original manuscript received in Society of Petroleum Engineers 
office Jan. 22, 1958. Revised manuscript received July 9, 1958. Paper 
presented at Fourth Annual Meeting of Rocky Mountain Petroleum 
Sections in Denver, Colo., March 3-4, 1958. 
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invading water during water flooding is far from com- 
plete. It is generally agreed that the unrecovered oil is 
retained in the porous medium by the capillary forces 
which may be relatively large compared to the forces 
generated by the flowing water. Therefore, it was logical 
that some early workers should turn to surface-active 
materials to reduce the capillary forces to facilitate the 
release of oil. As early as 1927,’ a patent was granted 
for the use of surface-active materials in water flooding. 
In 1932, when soap solutions were passed through 
Bradford and Venango sands, it was reported that the 
results were inconclusive, erratic and that “further 
investigation is needed to determine exactly the function 
of the solution and to obtain a clearer insight into the 
phenomena involved.’”” Some of the modern scientific 
reports conclude with a similar statement,’ showing that 
the lack of agreement on the mechanism of oil removal 
by wetting agents is still very widespread even though 
several comprehensive studies have been reported.** 


Although there is a lack of agreement as to the 
general effectiveness of the detergents for water flood- 
ing, most investigators do agree that all of the common 
detergents are strongly adsorbed onto the solid surfaces 
of the reservoir. In the early calculations it appeared 
that all additives would be lost before reaching much 
of the formation area which contained the additional 
oil to be removed. Experiments indicated that if the 
usual small waterflood concentrations of wetting agents 
were used, the rate of advance of detergent through the 
formation would be only a small fraction of the rate 
of advance of the flood front. Indeed, some investigators* 
felt that the use of wetting agents would never be 
economically feasible because of their adsorption. For 
example, Dunning” estimated that the wetting agent in 
concentrations of 25 ppm, would advance only 0.05 
times as fast as the flood front. Ojeda, et al," found that 
a surfactant in a concentration of 10 ppm moved less 
than 0.01 times as fast as the flood front. It is signifi- 
cant, however, that both investigators found that in- 
creased concentrations of wetting agents moved faster, 
relative to the flood front, than solutions at the lower 
concentrations. Ojeda showed that an extrapolation of 
his data indicated a relative rate of 0.5 at 1 per cent 
concentration, while Dunning’ estimated a relative rate 
of 0.46 for a 1 per cent concentration. 


It was obvious that these concentrations could not 
be used for continuous injection because the cost of 
the injected detergent would far exceed the value of 
additional oil produced. Traditionally, detergents are 
used in very low concentrations for they show good 


1References given at end of paper. 
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detersive properties in the range of a few parts per 
million and vast quantities of water can be treated 
economically if the concentration is kept very low. 
Preston and Calhoun’ were the first to point out that 
it is not necessary to treat all the injected water with 
the surfactants since the basic principles of chromatog- 
raphy should apply to the system. Therefore, the deter- 
gent could be injected for a time and then moved 
through the formation by the untreated water. A careful 
evaluation of this process has been published by John- 
son’ who concluded that the chromatographic process 
should be economic for removing additional oil only if 
used in a narrow range of concentrations; the maximum 
concentration being about 0.1 per cent. However, all 
the aforementioned authors placed severe restrictions 
on operation of the process. They based calculationson 
the minimum quantity of detergent that must be in- 
jected to move the detergent from the injection well to 
the producing well at its initial concentration. One of 
the objectives of this paper is to show that much higher 
concentrations can be used more effectively if this re- 
striction is removed. 


THEORETICAL 


There is a sound theoretical basis for predicting that 
the wetting agents will move faster at higher concen- 
trations. Utilizing a theory of chromatography developed 
by DeVault,’ Preston and Calhoun’ have related the 
concentration of the detergent to its rate of advance 
relative to the rate of movement of the water flood. 

One of their equations is 


where R is rate of advance of the leading edge of the 
surfactant divided by the rate of advance of flood 
front; P is p (1 — ¢)/d¢, where p is the grain density 
and ¢ is the porosity of the porous medium; c is initial 
concentration of solution injected; and f(c) is the func- 
tional notation of an adsorption isotherm. 

If the adsorption of the detergent onto the porous 
solid follows the form of one of the standard isotherms, 
it is possible to substitute the constants from the iso- 
therm into Eq. 1. For example, the Langmuir isotherm 
gives 

1 


where K and a are constants in the Langmuir isotherm 
(see Appendix). 

Examination of Eqs. 1 and 2 indicates that R will 
increase as c increases and approach unity as c becomes 
very large. Therefore, according to theory, any relative 
speed of wetting agent advance approaching unity can 
be achieved by increasing the concentration of the 
agent. The chromatographic theory as utilized by 
Preston and Calhoun in Eq. 1 applies only to the con- 
centration of the solution as it is initially injected. As 
the bank of detergent moves through the porous medium 
it is attenuated by the adsorption-desorption process, 
mixing with the connate water, loss to the oil phase, 
and the annular thinning resulting from radial flow. The 
simple theory will account for the reduction in con- 
centration which is caused by the adsorption-desorption 
process alone. As soon as the concentration of the slug 
falls below this initial injection value, the slug will move 
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more slowly in accordance with Eq. 1. However, as yet 
there is no straightforward theory to describe the ever- 
decreasing rate that will occur. 

Therefore, previous workers’* have assumed _ that 
the full-strength material should be produced at the 
producing well. The amount required for injection can 
be determined from the same theory. The expression 
for the radial case which was derived from Preston and 
Calhoun’s theory in terms of the Langmuir isotherm is, 


K’ac 

Vn = | (3) 
where V,, is the minimum volume of solution of con- 
centration, c, to be injected so that it will emerge at 
the same concentration at point X;, the latter being the 
distance between the injection well and a specified dis- 
tance into the formation. If experimental values for the 
adsorption at high concentrations are substituted into 
Eq. 3, it is found that very large quantities of detergent 
will be required to move the full-strength slug from the 
injection well to the producing well. However, if low 
concentrations are used (less than 50 ppm), the relative 
rate of detergent movement (R value) will be so low 
that scores of reservoir pore volumes of flood water 
would be required to move the detergent through the 
bulk of the reservoir. Therefore, the maximum effective- 
ness can be achieved by using a high concentration, but 
choosing X, to be some reasonable distance into the 
formation. This distance may be far short of the pro- 
ducing well. Even though the R value will fall after this 
point is passed, it will always be much higher than if a 
low concentration, with its attendant low R value, were 
used. Indeed, it appears that one should choose as high 
a concentration as possible for the initial slug. We have 
not gone beyond concentrations of 10 per cent because 
higher concentrations may become too viscous for easy 
injection. 

In addition to the increased relative velocity of the 
detergent zone, other benefits should accrue from the 
presence of a high surfactant concentration at the oil- 
water interface. Workers at Pennsylvania State U.°” 
have shown that the residual oil after water flooding 
is a decreasing function of AP/c,,. Thus, for a given 
pressure difference, the oil removal increases as the 
interfacial tension (o,,,) decreases. Extremely low 
values of interfacial tension can be obtained only with 
relatively high concentrations of surfactant. In another 
case, Moore and Blum” observed visually that a very 
sharp reduction of interfacial tension caused much 
more oil to be removed than if the interfacial tension 
gradually reduced. Thus, it would appear that highly 
concentrated surfactant should be present at the leading 
edge of the flooding water if wetting agents are to effect 
additional recovery. 


EXPERIMENTAL METHODS AND MATERIALS 


The surfactant used in most of the experiments was 
Triton X-100 (Rohm and Haas Co., Philadelphia, Pa.) 
a non-ionic detergent of the polyoxyethylated-phenol 
type. It has been used and described by other investi- 
gators involved in adsorption and oil displacement 
studies.” In addition, Pluronic L-62 (Wyandotte Chem- 
ical Corp., Wyandotte, Mich.) was used in one of the 
flow tests. It is a polyoxypropylene-polyoxyethylene 
type of non-ionic detergent. 


THE ADSORPTION OF DETERGENTS ON 
ALUNDUM AND BEREA SANDSTONE 


The unconsolidated Alundum for the adsorption 


187 


(oe 


studies was an Alundum cement (Norton Co., Wor- 
cester, Mass.) designated as RA 1084. It was washed 
three times by shaking with distilled water, the solid 
and liquid being separated by a centrifuge between 
washings. Soluble material and the very fine particles 
were removed by this process. Known concentrations 
of Triton X-100 were equilibrated with the Alundum 
by shaking for one hour. The samples were then centri- 
fuged and the supernatant liquid analyzed for detergent 
concentration by the surface tension method. A calibra- 
tion curve was prepared by determining the surface 
tension of various concentrations down to 1 ppm. In the 
region below the critical micelle concentration the plot 
of surface tension vs the log of concentration is linear. 
The equilibrium concentrations after adsorption were 
diluted to this range and the surface tension was then 
determined. The amount of detergent adsorbed was 
determined by the difference between the equilibrium 
concentration and the original concentration. 


The adsorption of the surfactant on natural porous 
media was accomplished by the unique device pictured 
in Fig. 1. The 1-in. Berea sandstone plugs were encased 
in aluminum foil prior to their enclosure in the Hassler 
sleeve. The flasks were constructed by joining a neck of 
heavy-walled glass tubing to Erlenmeyer flasks. Teflon 
stopcocks were also attached to the flasks. The glass 
necks of the flasks fit into the Hassler sleeve and are 
held by the outer end plates with a gentle pressure 
against the core. When mounted in this fashion, glass, 
Teflon and aluminum are the only materials making 
contact with either the core or the surfactant solution. 
These precautions were necessary because rubber or 
plastics interfere with the ultraviolet spectrophotometric 
analysis that was used to determine the concentration 
of the surfactant in solution. In operation the surfactant 
solution was placed in one of the flasks and the equip- 
ment assembled. The entire unit was then inverted 
and the solution was forced through the core by modest 
air pressure or gravity. After the solution passed through 
the core, the apparatus was inverted to allow flow in 
the reverse direction. This procedure was repeated sev- 
eral times until equilibrium between the adsorbed and 
dissolved detergent was established. The solution was 
analyzed before and after the adsorption experiment by 
ultraviolet spectrophotometry. Prior to the experiment 
it was necessary to flush the sandstone with distilled 
water to remove the soluble material which absorbs 
radiation in the same ultraviolet band as Triton X-100. 
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The rest of the interference was eliminated by using 
a differential peak analysis, i.e., the peak height between 
two low points was determined. The Triton X-100 
peak occurs at 275.5 mp. Readings were also taken at 
245 and 295 mu. The final value for Triton X-100 ad- 
sorption is essentially the height of the Triton X-100 
peak above the background adsorption line which con- 
nects the two other points. 


THE EXPERIMENTAL DETERMINATION OF THE RATE 
OF DETERGENT MOVEMENT IN CONSOLIDATED 
ALUNDUM AND BEREA SANDSTONE 


The Alundum core used for the flow tests was 22-cm 
long and had a cross-sectional area of 6.30 cm*. The 
properties of the core are given in Table 1. The core was 
mounted in a Lucite tube and sealed at the ends with 
O-rings and Lucite end plates. The apparatus, illustrated 
in Fig. 2, included a constant-pressure pump controlled 
by a capacitance switch which was activated by air pres- 
sure on a water column under pump pressure. To elim- 
inate the chance of air dissolving in the flood solution, a 
rubber diaphragm was installed between the flooding 
fluid and switch column. The flood water passed through 
a short Alundum core filter to eliminate plugging of 
the test core. A calibrated pipette with a three-way stop- 
cock was used to inject with air pressure the slugs of 
wetting agent. The pressure drop across the core was 
measured by a mercury manometer connected at the in- 
let of the end plate. Produced oil and effuent water 
passed through a graduated collection tube which was 
used to measure produced oil, as well as to determine 
the rate of efflux for permeability calculations. The tube 
was arranged so that an air bubble could be injected into 
the effluent stream in order to determine the time for 1 
ml of effluent water to be discharged. A bubbler device 
was used to detect the presence of wetting agent in the 
effluent water. The end of a capillary tube was im- 
mersed in a small trap in the flow line. The rate at 
which a number of bubbles discharged under a con- 
stant pressure was recorded. A decrease in the time for 
a number of bubbles to discharge indicated a drop in 
surface tension of the effluent water caused by the 
presence of the wetting agent. This device was sensitive 
to very small concentrations of surfactants in the range 
of a few parts per million. 

The Berea sandstone core used for the determination 
of the R value had a permeability of 115 md prior to 
the experiment. Its length was 57 cm and the cross- 
sectional area was 8.45 cm’. It was coated with Arm- 
strong Adhesive (Houghton Laboratories, Inc., Olena, 
N. Y.) and then molded in Hysol epoxy resin. The 
apparatus was similar to that described in Fig. 2. The 
chief difference was the substitution of a constant-rate 
pump for the constant-pressure pump. A millipore filter 
was placed in the system to filter the distilled water be- 
fore it entered the core. The arrival of the slug at the 
output end of the core was detected again by monitoring 
the effluent stream for the change in surface tension. In 
addition, samples of the effluent were collected for anal- 
ysis so that the concentration profile of the emerging 
slug could be determined. 


DISPLACEMENT OF CRUDE OIL By 
SURFACTANT. SOLUTIONS 


Berea sandstone samples were used for the studies 
involving the displacement of crude oil by surfactants. 
The samples were 1 in. in diameter and 1- to 2-in. long. 
The cores were mounted in sleeve-type core holders 
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TABLE 


1—RESULTS OF FLOODING EXPERIMENTS ON ALUNDUM CORE SATURATED WITH SOLTROL AND WATER 


Oil Oil 
nitia y water surfactant Conc. o 
So Sw (Per cent of (Per cent of R 
= (Per cent of V»)(Per cent of Vp) original) residual) factor (ppm) (cm Hg) (cc/min) Remarks 
a os : 78.4 4.8 0.243 25 24.3 0.778 25 ppm Triton X-100 flood solution 
: 5 79.5 3.5 0.740 10,000 24.4 0.610 5 ml 1 per cent Triton X-100 slug in 
Ais Si 25 ppm Triton X-100 flood solution— 
53.7 0.1 0.678 10,000 24.4 0.600 5 ml 1 per cent Triton X-100 slug in 
distilled water flood 
: 63.0 0.03 0.457 1,000 20.6 0.196 5 ml 0.1 per cent Triton X-100 slug in 
oe 10 ppm Hyamine 2389 flood solution 
. 100 0.740 1,000 25.5 0.225 5 ml 0.1 per cent Triton X-100 slug in 
(High R value caused by bactericide) 100 ppm Hyamine 2389 flood solution 
6.(E) 100 76.0 8.2 0.844 100,000 24.4 0.505 5 ml 10 per cent Triton X-100 slug in 
, 25 ppm Hyamine 2389 flood solution 
7.(F) 100 69.4 3un3 0.779 100,000 23.8 0.962 1.45 ml 10 per cent Pluronics L-62 slug 
in distilled water flood 
8.(G) 100 77.0 0.870 100,000 22.4 1.250 1.45 ml 10 per cent Triton X-100 slug 
(15 per cent more than average of col. 4) heading distilled water flood 
9.(H) 71 29 61.5 0.83-—  ~—-: 100,000 24.2 0.625 1.45 ml 10 per cent Triton X-100 slug 
: heading distilled water flood 
Description of core: 
Length 22 
Diameter 
Area of cross section — 6.30 cm? 
Bulk volume — 138.7 cm? 
Porosity — 22.5 per cent 
Permeability — 270 md 


(Klinkenberg extrapolation) 


which were equipped with Teflon end plugs. The as- 
sociated flow equipment was similar to Fig. 2 so that 
slugs could be injected at various stages during a water 
flood. Produced oil and water were separated in a 
graduated collector. The oil produced by the surfac- 
tant slugs was measured volumetrically and in some 
cases checked by gravimetric techniques. 


Most samples were saturated first with 2.5 per cent 
brine and then flooded with a West Texas crude oil 
until no more water could be removed. The resulting 
water saturations (Tables 2 and 3) were higher than 
the normally expected connate water saturation for 
Berea cores. Therefore, some samples were prepared by 
reducing the brine content of the cores by a blot- 
ting technique until the desired saturation range was 
achieved. The samples were then evacuated briefly and 
saturated with oil. The results of these saturations are 
given by Runs 3 and 4 in Table 2. 


EXPERIMENTAL RESULTS 


ADSORPTION STUDIES ON ALUNDUM POWDER 
AND BEREA SANDSTONE 

The amount of Triton X-100 adsorbed by Alundum 
powder at various concentrations is illustrated by Fig.3. 
The curve, usually referred to as an adsorption isotherm, 
indicates a maximum adsorption at about 250 ppm. Be- 
yond this point, the adsorption falls off and then flattens 
out. Although this maximum in the adsorption isotherm 
is not observed in most classical studies, it has recently 
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been reported by others who have studied the adsorp- 
tion of detergents on various substances.“ A more 
recent paper” dealing with the adsorption of non-ionics 
on quartz reports that the adsorption passes through a 
maximum for some surfactants, but not necessarily for 
all of them. If the decrease in the adsorption above 
200 to 300 ppm were generally true, it would make the 
proposed slug technique even more attractive. ~ 


The adsorption of Triton X-100 on the Berea sand- 
stone samples followed more traditional patterns. The 
isotherm is plotted in Fig. 4. It shows that the adsorp- 
tion was studied from an equilibrium concentration of 
about 100 ppm up to 92,000 ppm. In the lower con- 
centration range the adsorption increases with concen- 
tration until an equilibrium concentration of 700 ppm 
was reached. This early portion of the curve follows 
either the standard Langmuir or Freundlich isotherm 
forms; it indicates monomolecular adsorption is occur- 
ring. Above 800 ppm the adsorption rises quickly and 
levels off at an absolute value of about 8 X 10% gm of 
detergent adsorbed per gram of Berea sandstone. When 


TABLE 2—THE RECOVERY OF OIL BY SURFACTANT SLUGS OF 10 PER CENT 
TRITON X-100 AND 1-M NaOH AT SLOW RATES 
Additional oil removed by 


' Sor slug 
Test Type of Initial after Per cent pore 
No. sandstone So brine flood volume Per cent residual 
1 Berea 61.3 37.2 3.8 10.2 
2 Berea 62.2 (Slug in first) 8.8* 22.0* 
3 Berea 77.3 44,7 57 12.8 
4 Berea 74.2 34.1 Leys 15.2 
5 N. Texas 61.9 39.0 12.7 32,.6%* 
6 N. Texas 71.7 32.9 5.5 16.7 


*Based on the difference between the final oil saturation of 31.1 per cent 
and an Sor of 39.9, which is the average of all Sor values for Berea 
in Tables 2 and 3. x i 

**Recovery may have been influenced by some evolution of gas in core dur- 
ing test. 


TABLE 3—THE EFFECT OF SODIUM HYDROXIDE CONCENTRATION ON THE 
RECOVERY OF OIL BY SURFACTANT SLUGS 


Oil produced by slug 


Sor 
Slug Initial after brine per cent pore per cent 
composition So flood volume Residual 
10 per cent Triton X-100 64.9 42.6 2.8 6.6 
10 per cent Triton X-100 61.3 37.0 3.8 11.4 
1-M NaOH 
10 per cent Triton X-100 67.0 40.2 4.2 10.0 
0.01-M NaOH 
10 per cent Triton X-100 64.7 44.6 4.4 9.8 
10-4-M NaOH 
10 per cent Triton X-100 65.5 38.8 3.4 8.8 
10-§-M NaOH 
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an initial concentration of approximately 100,000 ppm 
or 10 per cent detergent (the proposed concentration of 
the slug to be used in water flooding) was used, the ad- 
sorption fell back to the value of the plateau established 
at the lower concentrations. Of course, the determina- 
tion of the absolute adsorption in the very high con- 
centration range is not as precise as for low concen- 
trations because the adsorption value is dependent upon 
the difference between two large numbers. However, 
the maximum deviation that could be expected in the 
spectrophotometric results would still yield an adsorp- 
tion value below the higher plateau observed in the 
middle range of concentrations. It is this relatively small 
adsorption observed at the very high concentrations that 
provides the physical basis for the much higher R values 
of the highly concentrated slug. 


RESULTS OF FLOW EXPERIMENTS ON LONG CoRES 
AND CALCULATION OF THE R VALUES 


The results of the flow experiments with the consoli- 
dated Alundum are given in Table 1. The R value for 
the tests carried out under the most similar conditions 
is plotted against concentration in Fig. 5. The figure 
demonstrates that the rate of advance of the slug in- 
creases as the concentration of the slug is increased. The 
10 per cent slugs moved more than 80 per cent as fast 
as the flood water. The dilute slugs moved at much 
smaller relative rates. Although the conditions of the 
slug flooding were not identical from test to test, the 
increased rate of the slug with increasing surfactant 
concentration was consistently observed. 

The flow experiments on the long Berea sandstone 
core gave a similar result. The 10 per cent slug moved 
through the core and emerged after slightly more than 
one pore volume of fluid had been produced. The ac- 
tual R values were calculated to be 0.92 and 0.95, 

The R values were calculated from the adsorption 
isotherms by utilizing Eqs. 1 and 2. For Alundum, the 
values were calculated by allowing the isotherm to ap- 
proximate Langmuir isotherms as shown in Fig. 3. It 
was assumed that the effective adsorption for R value 
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calculations would lie somewhere between the two limit- 
ing isotherms that are plotted in Fig. 3. The constants 1n 
Eq. 2 were determined by plotting the Langmuir 1so- 
therms in the linear form and evaluating constants K 
and a. For the lower limiting isotherms the constants 
are 2.34 X 10‘ and 5.66 X 10°, respectively. In order 
to compare the R values calculated from the adsorption 
isotherm with those observed in the flow experiments, it 
was necessary to correct for the difference in surface 
areas of the two solid materials. The Kozeny-Carman 
surface area of the Alundum core was calculated to be 
164 cm’/gm, while the powder was 4,070 cm’/gm. 
Therefore, it was necessary to multiply P in Eq. 2 by 
164/4,070. 

The calculated R values for Alundum are given in 
Fig. 5 while those obtained from the Berea isotherm 
are shown in Fig. 6. The latter was determined di- 
rectly from the Berea isotherm by using Eq. 1. A simi- 
lar calculation for the Alundum isotherm gives values 
which are close to the upper curve in Fig. 5. 

It can be seen that the R values for both Alundum 
and Berea range from very low to approximately unity. 
The agreement between the experimental relative rates 
and the calculated values is substantial at the higher 
concentrations, but the calculated values fall off faster 
than the experimental points as the concentration falls 
below 1 per cent. The higher experimental R values at 
the lower concentrations indicate that the limited theory 
of adsorption as applied by Preston and Calhoun is in- 
adequate. According to their theory, the front of the 
detergent zone is self-sharpening, i.e., the concentration 
should rise very rapidly as soon as any is detected in 
the effluent stream. Therefore, our experimental proce- 
dure was designed to sense the earliest arrival of small 
quantities of detergent. More complete theories now 
being developed by workers in this laboratory indicate 
that the effect of miscible mixing of the detergent zone 
with water and the failure to achieve adsorption equi- 
librium become appreciable in the relatively short sys- 
tem used in the laboratory. The effect of the mixing 
and diffusion is to move smaller concentrations of the 
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aetergent ahead of the main zone, thus giving rise to 


higher R values. However, in extremely long systems — 


such as underground reservoirs, the mixing becomes less 
important than the adsorption phenomena because a 
stabilized detergent front with a relatively sharp concen- 
tration gradient develops. Therefore, in the low concen- 
tration regions the calculated curves in Figs. 5 and 6 
should be more applicable to field conditions than the 
experimental results. 


The significant result of all of the adsorption studies 
and the flow experiments is the fact that detergents can 
be moved through a porous medium with rates that are 
more than half the rate of the flowing water, only if 
they are used in very high concentrations. 


REMOVAL BY SURFACTANT SLUGS 


The additional soltrol oil removed by the various 
slugs is listed in Table 1. The additional oil removed 
by 1 per cent or stronger slugs ranged from 0.1 to 15 
per cent of the residual oil remaining after a brine 
flood. The average was a modest 7.6 per cent. However, 
the Alundum core was a water-wet system and other 
workers have claimed that detergent flooding is effective 
only in an oil-wet system.” Also, we know that some of 
the oil is actually dissolved in the aqueous phase and 
thus cannot be measured in the oil phase in the separa- 
tor. 


’ Recent attempts in other laboratories to improve the 
recovery via wetting agents have demonstrated that wet- 
ting agents alone, even though concentrated, may not 
be sufficient to obtain high recoveries. However, when 
sodium hydroxide was added to a non-ionic detergent, 
recoveries approaching 100 per cent of the oil in place 
were achieved.” This finding appeared to be very fa- 
vorable. If the detergent-alkali mixture would function 
in the slug mode of operation, tremendous additional 
quantities of oil could be recovered. Therefore, a study 
of the displacement of crude oil by caustic detergent 
solutions was undertaken. The results of several of the 
tests on the 1-in. plugs are given in Table 2. It will be 
noted at once that the recoveries are far less than 100 
per cent. However, our experience has shown that the 
foliowing conditions will contribute to low recoveries: 
(1) low flooding rates, (2) high water saturation at the 
start of the water floods, (3) loss of crude oil to the 
slug itself, and (4) a complete water flood prior to the 
slug flood. All of these conditions were operating to 
yield lower recoveries than reported by the other work- 
ers who conducted their experiments at much faster 
rates. 

The flooding rate appears to be one of the most im- 
portant variables in the displacement experiments. The 
tests in Table 2 were carried out at the low rate of 
about 3 ft/day. When the rate was increased, the recov- 
ery increased substantially. Thus, the recovery will be 
- greater in regions nearer the injection and producing 
wells where the rates are greater. The results in Table 
2 represent the recovery that can be expected in the cen- 
tral part of the reservoir. 


Table 2 shows that when cores were prepared with 


more realistic water saturations the recovery improved 
(Runs 3 and 4 compared to Run 1). Run 2 shows that 
better recovery is achieved when the slug is injected 
prior to any water flood. For all experiments except Run 
2, the slug was injected after a complete water flood had 
taken place. The reason for the latter procedure is that 
in any slug program in the reservoir, the slug can oper- 
ate only on the by-passed oil. Even if an R value of one 
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is achieved, the slug will not be at the front because the 
oil is actually displaced by the bank of connate water 
that builds up ahead of the injected fluid. 

The loss of the crude oil to the strong slug solution 
may be, significant. Gravimetric checks of the oil resid- 
uals indicated that more oil was removed from the core 
than was measured in the separator. The difference was 
due, in part, to the solubilization of the crude oil by the 
powerful surfactant slugs. In some cases, the oil dis- 
solved by the slug amounted to a few ver cent of the 
residual. 


A brief investigation of the sodium hydroxide require- 
ments was made by carrying out the same type of flood- 
ing tests with varying concentrations of sodium hy- 
droxide. The results, given in Table 3, indicate that 
the sodium hydroxide need not be more concentrated 
than 0.01 molar (0.04 per cent). However, the recover- 
ies by the 1-molar solutions were affected more by the 
previously mentioned loss of crude oil to the slug. The 
amount of crude dissolved in the slugs increased with 
increasing sodium hydroxide content. 


CosT OF THE SURFACTANT SLUG PROCESS 


The above results indicate that the adsorption prob- 
lem can be overcome and that more oil can be recov- 
ered by using concentrated surfactant slugs mixed with 
sodium hydroxide. However, when attempting to assess 
the economic value of the process, it is more difficult to 
reach definite conclusions. The chief stumbling block is 
the lack of information on the oil removal by the slugs 
under actual operating conditions. 


To arrive at some estimate of the cost of the process, 
it was assumed that a slug of sufficient size should be 
injected to move at full strength for 100 ft into the res- 
ervoir in a typical 10-acre, five-spot pattern. Beyond 
100 ft the concentration will fall and the R value will 
diminish. However, the R value will remain relatively 
high until the concentration of the advancing slug falls 
to the parts per million range. This should not happen 
until the surfactant has almost reached the producing 
well. According to Table 2 the amount of additional oil 
recovered by such a slug should approach 5 per cent 
of the pore volume of the reservoir. In regions near 
the injection well much more oil will be displaced be- 
cause of the high rates, but 5 per cent over-all should 
be a good conservative estimate. Therefore, in the 10- 
acre, five-spot with a sand of 20 per cent porosity the 
slug should produce 775 bbl of oil per foot of forma- 
tion. On the basis of current prices the cost of the 
chemical materials would be about 46 cents/bbl of ad- 
ditional oil recovered. The normal waterflooding cost 
in addition to the detergent cost should remain essen- 
tially unchanged. Because of the high R values, the 
amount of water injected would be no greater than the 
water injected during the life of a normal flood. The 
additional oil would be recovered late in the flood, but 
the improved injection rates that should be observed 
throughout the flood would provide for an early increase 
in the 1ate of oil production. 

A discussion of the use of concentrated slugs of de- 
tergents for water floods would be incomplete without 
consideration of the results of slug injections in field 
trials. However, none of the reported field trials has 
been carried out as discussed in this report. Either the 
detergent has been much too dilute or, if a concentrated 
slug was used, it was much too small to be effective. 
The volume of the 10 per cent slug which will move at 
full strength for 100 ft would be 192 cu ft/ft of forma- 
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tion. When injected, the slug would extend from the in- 
jection well to a point 17.5 ft into the reservoir. By 
contrast, the slugs used in the Grover flood* consisted 
of only 10 gal of detergent for the entire producing 
zone. Obviously, a slug of such small volume would be 
reduced to a fraction of an inch in thickness before it 
had penetrated any significant distance into the forma- 
tion. Its concentration would fall off to the range of a 
few parts per million before it could remove additional 
oil. 


CON CLUSTON'S 


1. The results of the adsorption and flow studies in- 
dicate that the rate of advance of a detergent solution 
in a porous medium can be roughly predicted if the 
concentration of the detergent and the adsorption iso- 
therm on the medium is known. 

2. Concentrated slugs of detergents can be moved 
through the reservoir with speeds that approach 95 per 
cent of the rate of the flood advance. 

3. Additional oil can be removed by the slugs—the 
exact amount depends on the conditions. With mixtures 
of NaOH and non-ionic detergents it is possible to re- 
move additional oil equal to 5 per cent of the pore vol- 
ume of the sandstone. This is true even after a complete 
water flood has passed. ; 

4. The slugs must be concentrated and of sufficient 
volume to progress a significant distance into the forma- 
tion. 

5. Utilizing the result of both the adsorption and flow 
tests, it is estimated that the chemical alone will cost 
46 cents for each additional barrel of oil recovered. 
More detailed laboratory experience with natural reser- 
voir materials might decrease this estimate. 


NOMEN CL 


R =rate of advance of the leading edge of the sur- 
factant zone relative to the rate of the water 
flood. Specifically, the rate of detergent ad- 
vance divided by the linear flooding rate 

c = concentration of the surfactant in the aqueous 
solution 

p = grain density of the porous medium 

 =porosity of the porous medium 

f(c) = functional notation for the adsorption isotherm, 
i.e., the grams of detergent adsorbed per 
gram of solid at the equilibrium concentra- 

tion (c) 

K,a = constants in the Langmuir adsorption isotherm 

X, = distance from point of injection 

V,, =minimum volume of solution of concentration 
c to be injected so that it will arrive at the 
same concentration at point X, 

h = formation thickness 

P = (1 — $)/¢ 

S, = oil saturation 

S., = residual oil saturation 
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APPENDIX 


DETERMINATION OF CONSTANTS K AND a 
IN THE LANGMUIR ISOTHERM 


Kac 
where x is grams detergent adsorbed and m is mass of 
adsorbent. To determine a and K the isotherm is plotted 
in the linear form, 
c 1 1 
5 
x/m a aK 


where a is obtained from the slope of the plot of 


vs c and K from the intercept. tok 
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The performance of a water-drive reservoir having a 
gas cap depends primarily on the movement of the gas- 
oil and oil-water contacts. The movement of the con- 
tacts during production depends in turn on fluid with- 
drawals and how the reservoir pressure changes as 
fluids are produced from the reservoir; that is, on how 
effectively the aquifer maintains pressure by replacing 
withdrawals. 

Inasmuch as pressure changes, fluid withdrawals, con- 
tact positions, and produced gas-oil and oil-water ratios 


are interdependent, the analysis and prediction of the 


performance of a reservoir produced in a given way 
must take into account this interdependence throughout 
depletion. 

This paper presents an analysis which, within the 
limitations of the assumptions made, yields an engi- 
neering approach to predicting future performance based 
on reservoir pressure and production history. The most 
significant assumption is the method of extrapolation of 
future gas-oil and water-oil ratios. The extrapolation 
procedure smoothly increases both ratios to preselected 
values as the remaining oil column undergoes a specified 
decrease in thickness. This preselection is made on the 
basis of previous field experience in depletion of similar 
reservoirs under similar conditions. For computing fu- 
ture performance a volumetric balance is combined with 
the differential equation defining pressure distribution 
in the aquifer to obtain positions of water-oil and gas- 
oil contacts. From these positions are extrapolated pro- 
duced water-oil and gas-oil ratios. Reservoir perform- 
ance can be investigated when oil production rates are 
dependent upon various factors including the perform- 
ance of the reservoir itself. Examples of practical ap- 
plication of the procedure are included. 


To predict performance of water-drive reservoirs with 
gas caps and thin oil columns, it is necessary to describe 
the motions of the fluids within the reservoir during the 
entire production period to depletion. These motions 
depend on the pressure changes and on the withdrawal 
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of oil, gas and water. Production of oil from the oil 
zone primarily causes water to move in to take its place; 
production of gas from the cap tends to cause oil to mi- 
grate into its place. In addition, the volumes of oil and 
gas remaining in the reservoir depend on changes in 
the pressure, since a decrease in pressure causes fluid 
expansion, gas liberation and oil shrinkage. 

A method of relating the future pressure to total 
withdrawals is used to describe the motions of fluids 
within the reservoir under conditions arising in possible 
modes of production. The analysis is based on two re- 
lationships and will reduce the problem to one amenable 


to digital computation. The first of these concerns the 


dependence of the pressure distribution in the entire 
aquifer furnishing the water drive upon the total reser- 
voir withdrawals. This dependence is dictated by the 
permeability distribution and the extent of the aquifer; 
at present, such information is most readily obtained 
from the performance history by means of the resis- 
tance-capacitance reservoir analyzer. The second relation 
involves withdrawals, pressure in the reservoir, and 
movement of oil, gas, and water within the reservoir. 
The analysis is subject to certain simplifying assumptions 
that are necessary to permit solution of the problem. 
A comparison of the methods of this paper with those 
presently practiced is pertinent. One method of analysis 
is to use the reservoir analyzer to predict reservoir be- 
havior based on aquifer characteristics determined from 
production history. Inasmuch as the total withdrawal 
rate depends upon the gas-oil and water-oil ratios, which 
depend in turn upon, among other things, the positions 
of the gas-oil and water-oil contacts, these ratios must 
be assumed in advance. In this paper these ratios are, 
instead, related to the computed positions of gas-oil 
and water-oil contacts. Thus, our method can be applied 
to problems in which the oil production rate is limited 
by produced gas-oil ratio, or to problems in which it 
is desired to determine the variable gas injection rate 
that will maintain the gas-oil or water-oil contact sta- 
tionary. These problems cannot be worked satisfactorily 
on the analyzer. Another method presently used is based 
on a paper by Hurst.* Since his procedure is dependent 
upon using the solution of the heat flow equation, which 
requires constant permeability within the aquifer, and 
our procedure recognizes variations of permeability in 
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the aquifer, the relation between withdrawals and pres- 
sure variation is more realistic in our case. 

Two examples of the application of the method of 
the paper to actual reservoirs follow a description of 
the method. It can be seen from figures presenting the 
results that there exist a number of effects which may 
be overlooked in simpler reservoir analyses. In particu- 
lar, the pressure rises in Reservoir A toward the end of 
the life of the field after the gas cap has been produced. 
This results because the corresponding decrease in total 
reservoir withdrawals allows water influx from the aqui- 
fer to repressurize the reservoir. Also, the effect of in- 
creased water production on the pressure is observed. 
For the case in which gas is being returned, the rapid 
increase in total withdrawal rate, which is a consequence 
of the assumed’ constant oil production rate and the 
rise in produced water fraction toward the end of the 
producing life, depresses the pressure and thereby de- 
creases the required injection rate. This decrease fur- 
ther increases the net reservoir withdrawals and leads 
to the abrupt pressure decline shown. 


ANALYSIS OF PRESSURE PERFORMANCE 
OF THE AQUIFER 


It is assumed that the aquifer can be represented as 
a porous body with permeability and thickness proper- 
ties which can be described in terms of a single dis- 
tance variable, the radial distance from the reservoir. 
This implies a circular symmetry such that, if the aqui- 
fer is described in polar coordinates (r, ©), all the 
derivatives of the dependent variable, pressure, with re- 
spect to angle © are zero. It is further assumed that the 
water in the aquifer follows the classical equation of 
state, which is do/dp = c a, whereo is density, c the 
constant compressibility, and P the pressure, in consis- 
tent units. The aquifer is assumed to be bounded on the 
outside by radius rz where the permeability, K, goes to 
zero, and on the inside by radius r,,, the radius of the 
reservoir across which is assumed to flow all water en- 
tering the reservoir from the aquifer. To relate pressure 
changes in the aquifer to withdrawals across radius r,,, 
it is necessary to write the general equation of flow in 
and out of an annular zone bounded by radius r and 
r + dr. 


Flow out of zone toward reservoir in time dé is 


do 
or], 
and flow into zone toward reservoir in time dé is 
2a K, dr) dé 
or r+ar 


oP 
where K,, h,, and (=) are permeability, thickness, 


(1) 


and pressure gradient, respectively, at radius r. The 
water viscosity, ju, is assumed constant. Writing input — 
output = accumulation in symbols gives 


2 
Orsar Cie) (r + dr) (=) 
or r+dr 


oP 
= (nd | dé = 2ardh,(da) (dr) , 
where ¢ is the porosity, which is assumed to be con- 
stant. In the limit as dr 0, and assuming that terms 


2 


oP \* 
of the order of (5) are small compared with < 
7 


or or 00 


A useful variable change is made by setting r= 
r,e“, whereupon Eq. 3 becomes 


0 oP ; oP 
AG =) (33 (4) 


where Kh = k. 

The boundary conditions on Eq. 4 may be deter- 
mined as follows. At r = rz, the outer boundary of the 
aquifer, the radial flow is zero. A sufficient mathematical 
condition to express this fact is 


Ou u=0 


At the inner boundary, r,, a rate of water influx /(@) 
reservoir volumes per unit time takes place; thus, 


= 
1(6) 
COUN) 


The function J/(@) depends on net withdrawals from the 
reservoir and the fluid expansion within the reservoir. If 
at time 6 the total compressibility of fluids in the res- 
ervoir is Cry, volume per unit pressure change, and 
W(@) is the rate of withdrawal from the reservoir of 
the total reservoir volume of oil, gas and water, then 
the rate of influx J/(@) is W(@) decreased by the rate of 
expansion of reservoir fluids, or 


Thus, the inner boundary condition becomes, 


27k 
W(8) 
06 u=log = Ou u=log 


A second change of variable should be made. Ap- 
proximation of the solution of Eqs. 4, 5 and 8 by nu- 
merical methods will require approximating derivatives 
of P with u and @ by differences in pressure over small 
intervals of u and 6. Such differences will always be 
small compared with the values of P itself. Therefore, to 
obtain suitable accuracy in the numerical computation, 
a function z is defined as 
where P,,;, is the original reservoir pressure, and P,, 
is the least pressure to which it is desired to carry out 
calculations. The function z is initially zero everywhere 
in the aquifer and has the property that small changes 
in P from P,,:, are reflected as more significant changes 
in Z. 

Substitution of z into Eqs. 4, 5 and 8 yields the dif- 
ferential system, 


Oz 
0, (11) 
and 
— W(6) 0z OZ 
+ C,; | — 
(12) 


To obtain a numerical approximation to the solution 
of Eq. 10 subject to boundary conditions (Eqs. 11 and 
12), it is necessary to write difference analogs of Eqs. 
10, 11 and 12, which are algebraic equations that can 
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be solved numerically and whose solution converges to 
that of the differential system. To write such a set of 
analogs, a distance grid is set up by considering z as a 
function of u and 6 at the points (i + 14) NTN 


The number, j, of intervals into which the u-axis is to 


be divided is 
lw 


Au 
For the purpose of notation, z([i + %]Au, nQé) is 
written as Z;,n. 

The derivatives of Eq. 10 will be approximated at the 
point u;, 0,3 so as to relate the value of z,..,, to the 
value of z;,,,, The approximations of the terms of Eq. 
10 are 


Oz 1 
Ou ou 2(Au)? [Kiss 


and 


where k;,; is the value of k at u;,, = (i + 1) Au. Making 
these substitutions in Eq. 10 yields 


Ad 
2(Au)* 


The difference analog of boundary Eq. 11 is 


This condition may be satisfied either by setting z., 
=z or k.,=0. For ease of computation, the -latter 
choice was made. Thus, 


The difference analog of Eq. 12 is 
W 
pAu 


The system (Eqs. 13c, 14b and 15) can be written in 

the form 

where the coefficients 4;, B,, and C,, ij, depends 
only on the values of k, and the parameters Au, Aé, te 
¢ and h. The coefficient B; depends, in addition, 
on C,, which is discussed in the next section. The set 
of D,,, depend upon the parameters listed above as well 
as upon the values of z;,,, fori = 0, 1,..., 7. 

The set of simultaneous equations (Eq. 16) can 
readily be solved. Because the matrix of coefficients of 
Eq. 16 is tridiagonal, the solution of the equations by 
Gaussian elimination is both practical and easy, regard- 
less of the size of j. A particularly efficient method of 
handling the work on computing machines is described 


in 
Here the question should arise as to whether or not 
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the numerical values obtained by the repeated step- 
wise solution of Eq. 16 bear any relationship to the so- 
lution of the differential system of Eqs. 10, 11 and 12. 
To answer this question requires a process referred to 
as a convergence proof showing that the difference be- 
tween the solution of Eqs. 10, 11 and 12 and the nu- 
merical solution of Eqs. 13c, 14b and 15 is bounded — 
by a constant which decreases uniformly in magnitude 
as Au and A@ are decreased. This proof is beyond 
the scope of this paper; however, it can be referred to 
in the literature.° 


The only remaining problem in evaluating the so- 


lution for successive steps, given the set of W,,;, is 
the computation of Ci, which depends on pressure; 
the amount of oil, gas and water in the reservoir at 
time 6,; and the properties of the oil and gas. The pres- 
sure-dependent gas and oil properties used in this paper 
are (1) y(P,)—Mcf of gas per barrel of reservoir gas 
at pressure, P,; (2) ($(P,)—barrels of stock-tank oil 
per barrel of reservoir oil at pressure, P,; and (3) A(P;) 
—barrels of reservoir gas liberated per barrel of res- 
ervoir oil at pressure, P,. 

The compressibility Ci. can be evaluated from the 
given functions, provided the volumes of reservoir oil, 
N, bbl, and reservoir gas, G, bbl, are known. If at time 
6,, G, bbl of gas are present of which G, — »,N, = V, 
bbl are free gas not liberated from the oil present, then 
the rate of volume change with pressure of the quantity 
of gas whose volume at standard conditions is Viyn, a 
constant, is 


Yn dP 


dP 
Similarly, the rate of change of oil volume with pressure 


1S : 
dP B\aP), ap), 


The rate of change of liberated gas volume with pres- 


sure is 
_ dr Glog 19 


Thus, the total rate of volume change with pressure is: 
d log y 
(Gee 


Pn dP 
dx dlo 
where cQ, is the water compressibility, bbl/psi. 
All that remains to calculate C y, are the relations 
between N,,, and N,, and G,,, and G,. 


— Nn = Qo dP 


ney 


and 


d log 


dlogB\ (da 


where q.,,, and q,,,,, which are taken as negative 
quantities, are the reservoir oil and gas rates in reservoir 


barrels per unit time, respectively. If q.,,, is the water 
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withdrawal rate in reservoir barrels, the total with- 
drawal rate, W, is given by 


The relation between Q, and Q,, the production rates 
of total gas (free plus dissolved) in Mcf per day and 
stock-tank liquid (including condensate) in barrels per 
day, respectively, and q, and q, is given by the solution 
of the relations, 

Q0,=Yq,y + 


where Y is the condensate ratio, bbl/Mcf, and r,, is the 
original dissolved gas ratio, Mcf/STB. The solution is 
B = YA) = By 
= 

The pressure performance of the aquifier may now 
be computed provided G,, N,, ©., the set of produc- 
tion rates by time intervals for gas, oil, and water, and 
the aquifer properties in terms of a set k;_; (i = 1,...j) 
are given. The values of k are most easily obtained by 
matching the observed reservoir pressure data to pro- 
duction data by adjusting for appropriate values of k on 
an electric reservoir analyzer.” 


and 


PEO EGR TI ON 


The computation described thus far is sufficient to 
predict all future pressure behavior and oil and gas 
volumes within the reservoir, given the future with- 
drawal rates. However, the primary purpose of the 
present calculations is to enable prediction of perform- 
ance to depletion of gas-cap, water-drive reservoirs. The 
future oil production rate may be assumed by predicting 
future allowables. The future gas and water withdrawals, 
on the other hand, depend on the produced gas-oil 
ratios and water fractions. The ratios and fractions in 
turn depend on a number of factors including the thick- 
ness of the oil column and the gas cap, the production 
rate, and completion intervals. 

For this study it is assumed that the gas-oil ratio and 
water fraction produced in the time interval from n to 
n+ 1 can be related solely to the thickness of the oil 
and gas columns at time nA@. With this assumption, the 
problem of prediction has two parts: to find the position 
of the gas-oil and water-oil contact and to express quan- 
titatively the gas-oil ratio and water fraction as a func- 
tion of these positions. 

The original positions of the contacts, volumes of oil 
and gas, and the geometry of the reservoir are as- 
sumed to be known. It is assumed that the properties 
of the reservoir may be described in terms of a single 
distance variable x, the vertical distance measured above 
the initial oil-water contact. The reservoir area, A(x), 
is the function used to describe the geometry. The void 
volume available to hydrocarbons is decreased by the 
connate water saturation, which also is a function of the 
height x, S,, (x). Thus, the total hydrocarbon volume in 
the reservoir is given by 


Lt 


hydrocarbon volume = j (x) A(x) [1 — S,(x)] dx, 


where x, is the value of x corresponding to the top of 
the reservoir and (x) is the porosity averaged over the 
reservoir at position x. The function (x) is given by 
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where x,, is the original position of the gas-oil contact 
and ¢, and ¢, are defined by 


“go 


and 
No 6. A(X) [1 —S,(x)]dx.. . (24b) 


In producing the reservoir, changes in the contacts 
occur. Fig. 1 shows five zones which may form during 
the production. Zone 1 is the gas zone, which has never 
been invaded by oil and is, therefore, filled only with 
gas and connate water. Zone 2, containing oil remaining 
residual after gas displacement, will be formed if the 
gas-oil contact is falling, because gas. will not completely 
displace oil. If x, is the highest point attained at any 
time by the gas-oil contact, then Zone 2 lies between 
x, and x, at time nAd@. If x, is the minimum value 
of x,, then Zone 3, containing residual gas by oil dis- 
placement, lies between x, and A, Zone 4 is the oil 
zone that has never been invaded by either gas or 
water; however, it may contain gas by virtue of libera- 
tion from the oil. Zone 5 is a watered-out region be- 
tween the lowest point attained by the water-oil 
contact, x, and the position x, During the move- 
ment of hydrocarbons, the connate water is assumed 
immobile; thus, the water saturation retains the original 
distribution S,,(x) except below x, where S,, is set 
equal to 1 — S;, — S;,, S;, being the residual oil in 
Zone 5 and S;, the residual gas in Zone 5. Although 
other zones are possible, they are of minor importance 
and are not considered. 

The stepwise procedure for calculation of positions 
of gas-oil and oil-water contacts at time (n + 1) AO 
from their positions at time nA@ requires calculating the 
reservoir volumes of oil and gas for time (nm + )AQ@. 
The procedure for this is as follows. 

1. Apply Eq. 20 to find Cc, from known values of 
all the parameters at time nAQ@. 

2. Use Eq. 22, with the production rates for time 
period, nA@ to (n + 1) AQ, to determine W,,,;. 

3. Solve the system of Eq. 16. This yields a value of 
Which yields P;,,,:, from which AP, = 
P;,, is determined. 

4. Substitute AP, into Eq. 21 to determine values for 
and 


Once the volume of reservoir oil and gas is known at 


time (7 + 1) AO, the new gas-oil contact x, may be 
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obtained by solving the following set of equations for 
the variable limits x, and x 


m 


b(x) dx + 


Xo 
n+1 


m 


Xo 
Gas -| b(x) A(x) dx + 
x 


S,, P(x) A(x) dx S,, A(x) dx + 


Ne A(x) dx + 


p(x) A(x) dx Sig p(x) A(x) dx + 


Xo 
n+1 


A(x) dx» (25b) 


where S, and S,, signify the average gas and oil sat- 


urations, respectively, within zone a at time nA@. 

To solve for the new contacts, it is necessary to 
specify the values of saturation in the several intervals. 
The water saturation S,,(x) is the same for all time for 
x, <x <x, and corresponds to that determined from 


the capillary distribution calculated from capillary pres- 
sure measurements. Other saturations are summarized 
in Table 1. 

Sr, and S,,,. (Table 1) are the residual oil by gas 
displacement and by water displacement, respectively, 
and S, is the equilibrium gas saturation. 

The intent of these assumptions was twofold: (1) to 
simplify solving Eq. 25 to permit a reasonable solution 
time, and (2) provide a description of the saturation 
behavior within the defined zones that is consistent with 
the accuracy of the other assumptions made in the 
problem. 


In brief, the saturations. summarized in Table 1 can 
be described qualitatively in terms of the mobile and 
immobile phases. The gas saturation in Zone 1 is all 
the volume not occupied by connate water. The oil in 
Zone 2 is a fixed or immobile phase and is at the residual 
saturation of oil flushed by gas, corrected for oil shrink- 
age. The gas in Zone 2 occupies the volume not oc- 
cupied by oil or water. The gas in Zone 3 is the fixed 
phase that results when the mobile gas phase of Zones 
1 and 2 is displaced by oil. Its saturation is taken to 


TABLE 1 — SATURATION VALUES 


Zone So, 


We ° 1 — Sw (xg,) 


Sorg 

2. Min 

Sorg - B(Pm)/B(Pn) 
Min 


1 = "Soo — Sa 


Se S30, 4 [An A(Pm)! 
Pu was pressure when xg = Xoy 


Pm was pressure when xg = *9,° 

3. 1 Sw(xg,,) fe 

Min 2 S40, An — Pos[(1 — Se — Sw 
(xo, JAar — Sei 

Am is maximum value of \ to step n 


Sorw 
5. Min 1 B (Pm) Se 
Min 1 


Sw(xo,) 


Sorw .= 
An — Pos[so,, Am—Se] 


n-1 
where B(Pm) was 8 when xo = Xo 3 
™ » | where m refers to time when xo = x 
o 


B(Pn) is + B(Porig)] 
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be the equilibrium gas saturation, corrected for re-solu= 
tion of gas in the oil should the pressure increase above 
the average pressure at which the gas in Zone 3 was 
deposited. Also, the saturation is not permitted to rise 
above the equilibrium gas saturation, as it is assumed 
that migration of gas to the gas cap will occur should 
the oil trapped in Zone 3 liberate gas. The oil in Zone 
3 is that volume not occupied by gas or water. In Zone 
4, the gas is the fixed phase that results from evolution 
trom the oil present. Should sufficient gas be evolved 
that the gas saturation would exceed the equilibrium 
gas saturation, then by virtue of the fact that the oil 
column is considered to be thin, the excess is considered 
to migrate to the cap, and the gas saturation is main- 
tained at S,. Should any migration occur and should 
this be followed by a rise in pressure, the Zone 4 gas- 
oil equilibrium is corrected by the amount of the loss of 
gas to the cap of the excess of gas above S,. This is 
important if the pressure increases after substantial gas 
liberation and migration to the cap have occurred. 
Zone 4 oil occupies the volume not occupied by gas or 
water. In Zone 5, both the oil and gas are fixed phases. 
The oil is taken to be that remaining residual after 
water displacement, corrected for the average shrinkage 
between the original pressure and the pressure P,. The 
gas is that liberated from the residual oil, but is not 
allowed to exceed S,. 


Eqs. 25a and 25b may now be solved; every term 
in the integrand is evaluable at time nA. Rewriting 
the equations, using definitions of Eq. 24 for ¢’ and ¢’, 
yields a set of equations which may be solved by itera- 
tion: 


Xo 
m 


x 


a S., A(x) dx + fir S.(x) (x) A (x) dx 


vg m 


n+1 


x 


= TL Se(x) AC) de , 


(26a) 
and 


Xo 


m 


ING “| dx So (x) (x) A(x) dx 


YE 


* 


* 


where and are the trial parameters for the 
n 


iteration. To obtain a solution, a relationship must be 
applied to determine a Ax, and Ax, from the differences, 
G,, — G*,, and N,,, — N*,. Such a relationship may 


n+l n+1* 


be derived by differentiating Eq. 26 with respect to the 
independent variables, x, and x,. From Eqs. 26a and 
26b, 
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| 
|| 


= fi(Xo, Xo) , 


To first order correctness 
of, of, 
Ox, 0x, 


and, since the correction AG is that which should be 
added to G* to improve it, 
AGS Gre 
With certain restrictions on the behavior of f, and /f, it 
can be shown that the process converges. Substitution 
of the derivatives of the f-functions of Eq. 27 (from 


dx were evaluated as Ssop(x) A(x) dx + 
Co 


S..(x)]b(x) A(x) dx + A(x) dx. 


oO 
It was recognized that should x, be moved below 


zero, an error is made in the oil content of Zone 5) 
between 0 and x, . However, a case in which x, be- 


comes negative appears unlikely. 

To summarize the method of computing, given as 
a function of time the production rates of oil, gas and 
water, and the values of all variables at time nA@: 

1. Apply Eq. 22 to determine W,,,;. 

2. Apply Eq. 20 to determine Ce 


differentiating Eqs. 26a and 26b with respect to the 16 for 7= 0, 1, 
variable limits; i.e., the starred terms) and solution of be fies 
Eq. 28 for the corrections, Ax, and Ax,, yields 

and (30) 


In practice, the solution of Eq. 26a is accomplished 
by calculating G*, and N*, for x, and substituting into 


Eq. 30 to yield Ax, and The and x* 
obtained from Eq. 30a: 

x* 


On+t 


The value of xr is then checked against x, 
mine whether at this step x, will be less than x, , and, 


if so, the values of S;, and S;, of Eq. 30 are replaced 
by zero. Similarly, xr is checked to see whether it ex- 


ceeds x oy OF is less than x, lf xt  >x, then S., i 
replaced by zero, and S,, by S a ‘in Eq. "30. If x* ay 
<x, , then the values of. S,, and S,, are replaced by S. ms 


and S,,, respectively, in Eq. 30. The solution of Eq. 
30 with these changes is then recomputed if, and only 
if, any changes were necessary, and the values so ob- 
tained are substituted into Eq. 30a to obtain x | oe and 


x, . This procedure constitutes taking only one step 
of iteration and is permissible provided the time step, 
A@, during computation is kept small, so that errors 
introduced by the first order approximations of Eq. 28 


are small. 

A word should be said about a special case which 
arises at the lower boundary of Zone 5. Initially, the 
water saturation is 1 at x, = 0. When water displace- 
ment begins, the residual oil saturation S,,,. is assumed 
to exist below the water-oil contact. However, as x, 
moves up from zero, S,,, is considered as S,, for x,>0; 


therefore, the integral, will in- 
o 


clude more oil than was originally present in that 
interval. To handle this problem, the ee of x, was 


found corresponding to 1 — (x, and x, 
was assumed to be the starting’ point for moving the 


to deter- 


Lo 


oil-water boundary. The integrals of Scop (x) A(x) 


Zo 
m 
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4. Solve Eq. 21 for Ni. and Gia. 

5. Evaluate Eqs. 30 and 30a; compare new x values 
with limits x, , x, , and Xs change any ap- 
propriate saturations; and re-solve Eqs. 30 and 
30a for x, and 


This stepwise proce follows the movement of the 
gas-oil contact and oil-water contact and calculates the 
aquifer pressure as a function of time and distance from 
the reservoir. 


The procedure just described assumes the water, gas, 
and oil production rates to be given for each time in- 
terval. This is the situation during production history. 
To predict behavior into the future, these rates must 
either be specified in advance or predictable at each 
step of the computation. As was pointed out in the 
previous section, it was assumed that the oil production 
rates would be specified as a function of time and the 
position of the contacts and other properties derivable 
from the instantaneous results of the computations. The 
gas and water rates would then be related to the oil 
rate through the gas-oil ratio and the produced water 
fraction. 

The gas-oil ratio must depend on the thickness of 
both the oil and gas columns in such a way that it in- 
creases as the oil column thins and decreases to zero 
as the gas column approaches zero. To choose a func- 
tion with these properties, p, defined as the ratio q,/q, 
is taken to be 


x, | (31) 
where the subscript a refers to the latest time for which 
production data are available. For a constant gas column 
thickness, A and B are coefficients of a linear function in 

1 
the value of p at the final oil column thickness, x,. To 
determine these constants, values must be specified for 


which passes through p_.and terminates at p , 
f 
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GOR,, the final gas-oil ratio in standard cubic feet of 
free plus dissolved gas per barrel of condensate-free 
stock-tank oil, and for x,. Then, 


A 


— 
and 


where p, is related to GOR, by 


Hence, 
AS == 
1 1 
x, 
and 
B 
on 


The water fraction is treated similarly by assuming 
the final produced water fraction in the reservoir to be 
w, at the time the oil column thickness has attained the 
value x;. 

If y is the water-oil ratio of the fluids leaving the 


w 
reservoir, then y, = i = , and if yr. is taken as 
8 


where 6 is a parameter that sets y,., = y, for x, — x, 
= x;. Solution of Eq. 34 for 8 yields 


n 


From Eqs. 31 and 34, the relationships 
— . ~ (35a) 
and 


specify total reservoir withdrawals, given the oil with- 
drawal rate, q.,,,- Given an allowable E,,, bbl per 


time period, the oil rate q,,,, is related by 


GR, 

condensate richness, bbl/Mcf, and GR, is the total gas 
return to timenA@, Mcf. The function Pos (v) is defined 


> 0, 
Pos (v) = 


Now, with the allowable E(@) a specified function of 
time, applications of Eqs. 31, 34, and 36 provides suf- 
ficient relationships to yield a value of W,,, from Eq. 
22. This procedure permits predicting ahead in time 
until either the reservoir pressure is depleted or until 


In On 


| ; Y, is the original 


GAS RETURN 


Two possible purposes of gas return may readily be 
considered—to prevent rise of the gas-oil contact above 
x, or to prevent rise of the water-oil contact above x, _. 
For each case the rate of gas return, L,,,, res. B/D, 
is computed such that L,,; A0 is the reservoir volume 
that should be filled by gas at that step. 
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For maintaining the gas-oil contact, : 
Ad Pos [A(x, x 9 (x g ) Sig) I], 


For maintaining water-oil contact. 
where the symbol Pos (_ ) has the same significance as 
in Eq. 36. If gas is being returned, qj... = pass Cbg 


TREATMENT OF THE INPUT DATA 


The fluid properties related to pressure, y, 8 and-A, 
are sufficient to characterize the oil behavior. The re- 
quired reservoir geometry properties are A(x) and 
S,,(x). These five relationships, the aquifer properties, 
and associated constants are all the data required for 
the solution outlined in the foregoing sections. 

The functions chosen for matching the oil proper- 
1 1 
B 
polynomial is fitted to each of these by the method 
outlined in Ref. 5. : 

The function A(x) is often sufficiently smooth that 
it may be adequately matched by the method of Ref. 
5. However, S,,(x) is a very difficult function to match, 
having the shape shown in Fig. 3. To obtain a suit- 


ties are y(z), (z) and (z). A fifth-degree 


able match for S,,(x), a function € (=) defined as 


t 


x 
b 
Xt 
22) 
2.07 
1.84 
1.64 
814 
© 1.24 
B 
4 
24 d 


(1-z), Pressure Fraction 
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t 


where & (=) is matched by a fifth-degree polynomial 
x 


in Se . The product A(x) [1 — S,,(x)] was chosen 
x 


for the match because in evaluating Eq. 26, 


( A(x) [1 — S,,(x)]dx appears frequently. The mul- 


x 
tiplier was chosen because it smooths out 


x 
xX; 


the function [1 — S,,(x)] in the neighborhood of x = 0, 
provided a and b are properly chosen. They are evalu- 


ated as follows. 
0.1) 


t 


(s.. 0.1) - (s.. 10) 
Xt Xt 
Xx a 

b 10(1 Sas 0.1) (5 ). 


The integral of the approximation for A(x) [1 — 
S,,(x)] is obtained from 


and 


b 
xX; 
(38) 
Ifx = = , integration of Eq. 38 is performed as 
follows. 
upon Eq. 38 becomes 
fia A(x) ax =x. 
Xa 1 aX 


dX =| H, log (1+ aX) + + aX) + + 


1+ aX2 


where the H-vector is related to the B-vector by the 
matrix multiplication: 


x,b 

0 0 1/6 


APPLICATION OF COMPUTING PROCEDURE TO 
PREDICTION OF RESERVOIR PERFORMANCE 


The procedure discussed in the foregoing section was 
developed for comparing the performance of gas-cap, 
water-drive reservoirs produced with and without gas 
return. In this study, the purpose of returning gas to 
such reservoirs is to replace part of the free or cap 


200 


gas that is being produced so as to prevent loss of re- 
coverable oil through migration of oil into the gas 
cap and the attendant wetting by oil of oil-free sand 
in the cap. In order to place a value on preventing 
such oil loss, it is necessary to determine the cost of 
gas injection. This in turn depends on how much gas 
will be required at what pressure, and the additional 
oil recovery must be sufficient to pay the cost of injec- 
tion and yield a return on the investment. Application 
of the foregoing procedure should provide a reason- 
able prediction of performance that serves as a physical 
basis for making this economic study. 

It is the purpose of this section to show an appli- 
cation of the computing procedure to be two reservoirs 
which were considered for a gas injection program. 
Reservoir A is characterized by an original gas-cap 
volume which is of the same size as the reservoir oil 
volume and a moderate-sized aquifer which feeds the 
reservoir through a substantial constriction. Reservoir 
B has a gas cap which is large by comparison with the 
reservoir oil volume and a permeable aquifer which, 
insofar as can be determined from production history, 
is essentially infinite in extent. 

The required geometry for the reservoirs is shown 
in Figs. 3 and 4. Along the abscissa is plotted the ver- 
tical height in the reservoir above the original water- 
oil contact, as a fraction of the maximum height of 
the reservoir. Along the ordinate are plotted the reser- 
voir area as a fraction of the maximum area and the 
original water saturation as fraction of total pore volume. 

The properties of the reservoir fluids as character- 
ized by y, 8 and X are given for Reservoir A in Fig. 2. 
These relationships for Reservoir B are quite similar. 

The results of interest are presented in Figs. 5, 6, 7 
and 8. Figs. 5 and 7 are plots of pressure, gas-oil ratio, 
water fraction, and cumulative injected gas for Reser- 
voirs A and B, respectively. In each of these, compari- 
son is made of future performance with and without 
gas injection. For these examples the oil production 
rates were taken to be constant, although this was rec- 
ognized as not being a realistic mode of operation. It 
could, in fact, have been chosen arbitrarily or as a de- 
clining function of time or to depend on the pressure, 
column thickness, or any other variable being computed. 
The motion of the gas-oil and oil-water contacts is 
shown in Figs. 6 and 8. 

The depletion performance of the reservoirs appear 
normal. Reservoir A shows a marked pressure sen- 
sitivity to total withdrawals, giving rise to widely dif- 
ferent pressure performances for the two modes of op- 
eration. On the other hand, pressure in Reservoir B is 
relatively insensitive to changes in withdrawals, and 
initiation of injection makes no important change in the 
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pressure behavior. The strongly differing response of 
the-two reservoirs to the injection of gas emphasizes 
the need for studying individual reservoir performance 
by applying the method outlined in the foregoing sec- 
tion. It can be seen that, under the assumptions con- 
trolling predicted gas-oil ratio, the relative size of the 
gas cap and the oil zone significantly influence differ- 
ences in performance when the cap size is and is not 
maintained. From the injection program, Reservoir A 
experiences about a one-third increase in recovery, 
whereas recovery from Reservoir B is doubled. Further, 
the amount of gas, the time schedule of its injection, 


and the injection pressure required to maintain gas-cap — 


size depend materially on the aquifer characteristics 
and the compressibility of fluids within the reservoir. 

Thus, to analyze the economics of proposed injection 
programs necessitates acquiring the type of information 
developed by applying the method of this paper in- 
dividually for each reservoir considered under a num- 
ber of possible modes of operation. Within the limita- 
tions of the assumptions, these results will provide a 
physical basis for designing an optimum injection pro- 
gram and determining its economic value. 

Although examples presented treat a particular prob- 
lem, it should be emphasized that the analysis and its 
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derived procedure provide a substantial degree of flex- 
ibility in treating resevoir problems wherein a gas zone 


and a water zone confine a thin oil column. The com- 


plex, inter-related influences of pressure changes, water 
influx, and gas expansion are described quantitatively 
in a way that facilitates taking into account such varia- 
tions in modes of production as gas injection, water in- 
jection, and a dependence of the future rates of fluid 
withdrawals on the future performance of the reservoir. 
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Producing Wells on Casing Flow—An Analysis of Flowing 
Pressure Gradients 


P. B, BAXENDELL 
MEMBER AIME 


The Cretaceous limestone wells of the Mara/Mara- 
caibo Dist. of Venezuela are extremely prolific pro- 
ducers. To maintain production on cessation of natural 
flow, large scale gas-lift operations were commenced in- 
volving high production rates on casing flow. For the 
design of these gas-lift installations it was essential to 
have some knowledge of the pressure gradients involved 
in casing flow, so that the required injection pressures, 
optimum gas injection rates, etc., could be forecast. 

This paper presents a method of calculating these an- 
nular pressure gradients, Basically the method makes 
use of an energy balance equation coupled with an em- 
pirical energy loss factor derived from field data. The 
calculations have been put in a form suitable for “punch 
card-type”’ calculating machines. 

A set of gradient curves for Mara/Maracaibo condi- 
tions covering flow rates up to 12,000 B/D, and GOR’s 
of 500 to 2,000 cu ft/bbl is presented. From these 
curves the flowing BHP can be predicted from surface 
data and the vertical flow performance under varying 
conditions of gas injection can be estimated. 


The method has been applied to La Paz and Mara . 


gas-lift operations for over three years and has given 
consistently accurate results. 


CL LON 


The Cretaceous limestone fields of the Mara/Mara- 
caibo area in Venezuela are characterized by the pres- 
ence of widely distributed fissure systems. Under these 
conditions individual wells frequently have extremely 
high potentials and such wells are generally flowed on 
the casing-tubing annulus in order to reduce the pres- 
sure loss in vertical flow. To maintain production on 
cessation of natural flow, an extensive gas-lift system 
was planned. 


As a first approach to this gas-lift design problem, an 
attempt was made to construct a set of empirical flow- 
ing gradient curves from the available subsurface pres- 
sure data. Such a method has been used successfully for 
tubing-flow conditions in California by Gilbert’. Un- 
fortunately, the empirical construction of casing-flow 
gradient curves presents additional difficulties, as pres- 
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1References given at end of paper. 
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sure bombs cannot be run in the casing-tubing annulus 
against high rates of flow. Thus, the full flowing gra- 
dients.cannot be defined by actual measurement and 
the best that can be done is to obtain spot pressures at 
the tubing shoe. Under these conditions a vast accu- 
mulation of BHP data is required to construct a set of 
gradients. 

In the La Paz and Mara fields the majority of the 
available flowing pressure measurements fall into a 
relatively narrow GOR range, in the neighborhood of 
the solution ratio. While there appeared to be reason- 
able prospects of constructing gradient curves for this 
limited range, measurements at higher GOR’s, which 
were of major interest for gas-lift operations, were rel- 
atively few and the prospects of constructing empirical 
curves correspondingly remote. 

As an alternative approach, the possibilities of a 
mathematical analysis of vertical flow conditions were 
investigated. 

May and Laird’’ in 1934 presented an excellent 
analysis of the vertical-flow conditions in the Anglo-Iran- 
ian Oil Co.’s fields. Their analysis was based on an en- 
ergy-balance equation and calculated the losses due to 
kinetic energy, friction and slippage separately. By 
combining these losses with the total calculated avail- 
able energy, the required depth-pressure traverse could 
be deduced. On applying the method to La Paz condi- 
tions, good results were obtained for tubing flow at high 
tubing-head pressures. However, for lower wellhead 
pressures (300 psi and under) the discrepancy between 
calculated and measured values increased appreciably. 
It was considered that this was probably due to energy 
losses caused by slippage or liquid hang-up in a con- 
tinuous gas phase, for which it was difficult to visual- 
ize any analytical approach. 


In 1952 Poettmann and Carpenter’ presented a 
method of pressure gradient calculation which, while 
based on an energy-balance equation similar to that em- 
ployed by May and Laird, made no attempt to evaluate 
the various components making up the total energy loss 
resulting from irreversibilities of flowing fluids. Instead, 
they proposed a method of analysis which assumed that 
all significant losses for multiphase flow could be cor- 
related in a form similar to that of the Fanning equa- 
tion for frictional losses in single-phase flow. They then 
derived an empirical relationship linking measurable 
field data with a factor which, when applied to the 
standard form of the Fanning equation, would enable 
the energy losses to be determined. The total available 


PETROLEUM TRANSACTIONS, AIME 


| 
| 
| 


energy could be calculated in a similar manner to that 
used by May and Laird and, knowing the distribution 
of the losses, a depth-pressure traverse could be drawn. 

On publication of the paper, the method was applied 
in Venezuela to construct a set of tubing-flow gradient 
curves for producing conditions in the Lake Maracaibo 
concessions. The results proved encouraging when 
checked against field data and it was decided to investi- 
gate the possibilities for annular flow. The following 
principal difficulties were immediately apparent: (1) the 
energy loss factor correlation of Poettmann and Car- 
penter has to be extended to cover higher production 
rates, (2) the annular cross section has to be converted 
into terms of an equivalent circular conduit in order 
to fit the equation form, and (3) the crescent shaped 
annulus (i.e., tubing lying against casing wall) might 
affect the slippage characteristics and invalidate the 
low flow rate end of the energy loss factor correlation. 

This paper describes the approach to these problems 
and the method ultimately employed to construct a full 
set of flowing pressure gradient curves for casing-flow 
conditions in the La Paz and Mara fields. 


THE BASIC ENERGY EQUATION ANALYSIS 


Using the same nomenclature as used by Poettmann 
and Carpenter, the energy balance based on 1 lb of flow- 
ing fluid can be expressed as follows, assuming that 
no external work is done by the fluid in flow. 

P2 


Py 
where V is specific volume of flowing fluid, ft’/lb; P is 
pressure, psia; Ah is difference in head above datum, 
ft; A(v’/2g) is difference in kinetic energy of 1 lb of 
flowing fluid between initial and final states of flow; and 
W, is total energy losses due to irreversibilities of the 
fluid in flow. 

Of these terms the value of the kinetic energy func- 
tion is small as compared to the other functions in the 
energy balance and is neglected. Further, assuming that 
the energy losses can be correlated with the Fanning 
equation, W, can be written, 

where f is used as the correlating function for total en- 
ergy loss, whether due to friction or otherwise, and D 
is the inside diameter of the pipe in feet. The velocity, 
y, is assumed constant and equal to the integrated av- 
erage value between limits, P; and 

Substituting in Eq. 1 we have 


P» 
= 
Ah Ah/2ZeD =0 (3) 
or converting to field units, 
V.dP + Ah + fO'V,Ah/7.413 X 10°D' =0, 
Py 
(4) 
or 
1 
es 
val 


/TA13 X 10"D" 


where V,, is cubic feet of gas and oil, at pressure P, per 
barrel of stock-tank oil; M is total mass of gas and oil, 
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in pounds, associated with 1 STB; Q is production, 
STB/D; and Y,, is the integrated average value of V 
between pressure limits, P, and P.. : 
By dividing Eq. 5 into AP the following expression 
for pressure gradient results. 
where p is the integrated average density over the pres- 


sure range AP, and K = {O°M*/7.413 and 
the full equation becomes 


m 


CORRELATION OF ENERGY LOSS FACTOR, 
; f, WITH FIELD DATA 


To establish a correlation linking the energy loss fac- 
tor, f, with field data, Poettmann and Carpenter retained 
the analogy with single-phase flow and the Fanning 
equation, by correlating f against the product of diam- 
eter, density and velocity, Dpv, which corresponds to the 
numerator of the Reynolds number. The viscosity term, 
which forms the denominator of the Reynolds num- 
ber, cannot be evaluated for two-phase flow conditions 
and is ignored. A logical development, for as Poettman 
and Carpenter point out: “The fact that viscosity is 
not one of the variables involved in the vertical mul- 
tiphase flow is both fortunate and to be expected. This 
is because of the fact that the degree of turbulence is 
of such a magnitude that, of the total energy loss, W,, 
that portion resulting from viscous shear is negligible.” 
Various other workers in this field have made the same 
observation. 


There were two reasons why the correlation estab- 
lished by Poettman and Carpenter could not be applied 


directly to the La Paz conditions: (1) the correlation 


was only established for rates of flow very much lower 
than the La Paz conditions, and (2). the annular sec- 
tion has to be converted into terms of an equivalent cir- 
cular conduit in order to fit the equation form. This 
latter problem requires some amplification. The basic 
equation for tubing flow has been shown to be 
(7) 
Ah 7.413 X 10°pD 
Converting into the annular flow form, this becomes 
Ah 1.413. 10" p(Di Dr)" 
where D, is the internal diameter of the casing, ft; D. 
is the external diameter of the tubing, ft; and D, is the 
equivalent hydraulic diameter of the annulus. 

Similarly, the correlating parameter Dpv becomes 
D.pv. 

While a variety of forms exist for establishing the 
equivalent hydraulic diameter for non-circular conduits, 
it was felt that for a complex cross-sectional area of 
this type (complicated by collars and upsets) it would, 
if possible, be better to avoid any such evaluation, which 
would introduce an element of possible error. 

The form of the basic equation (Eq. 8) has as 
variables only two terms which can not be evaluated 
from the field data, i.e., f and D,. Furthermore, the con- 
ditions investigated in La Paz were concerned with flow 
in an annulus of fixed size, i.e., 27-in. tubing and 7-in. 
casing, and thus D., though unknown, must be con- 
stant. Consequently, the parameters chosen for correla- 
tion of energy-loss factor with field data were mass flow 
rate MQ and the term f/D,. Both these terms can be 
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evaluated by applying field data to Eq. 8. Following are 
the stages in this evaluation. 


EVALUATION OF p 


In order to evaluate p a set of pressure-density curves 
covering the GOR range encountered in field conditions 
must be constructed. Using the standard PVT analysis 
for a representative well, a pressure-density curve can 
be drawn directly for the GOR at which the analysis 
sample was taken. Theoretical pressure-density curves 
for other GOR’s can be constructed from the basic PVT 
data as follows. 

If Y (1b) is the mass of 1 bbl of tank oil plus solu- 
tion gas, d (1b/ft’) is density of gas at standard con- 
ditions, X (ft’/bbl) is excess GOR, then Y + Xd (lb) 
is the total mass corresponding to 1 bbl of tank oil. 

Further, disregarding temperature effect: the volume 
of 1 bbl of tank oil plus solution gas is 5.615 V,/C, 
(ft'), and the volume of excess gas is X/V (ft*), 
where V, is relative total volume (compared to volume 
at saturation pressure), C, is shrinkage factor from 
saturation pressure to standard tank conditions, and V 
is expansion factor from considered pressure to stand- 
and conditions. Therefore, the total volume correspond- 
ing to 1 bbl of tank oil will be 5.615 (V./C,) + X/V 
(ft’), and the density is 

Y +:Xd 

All these terms are obtainable directly from the 
standard PVT analysis and hence the pressure-density 
curves over the required GOR range can be constructed. 

Fig. 1 shows a set of pressure-density curves con- 
structed for La Paz conditions. From these curves the 
value of p between any pressure limits can be derived 
by graphical integration. 


(Ib/ft’) . 


EVALUATION OF M 

M is the total mass of gas and oil, in pounds, as- 
sociated with 1 bbl of stock tank oil in the flow string. 
It is dependent on the GOR. As already shown, the total 
mass corresponding to 1 bbl of tank oil is (Y + Xd) lb. 
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DERIVATION OF AP/Ah FROM FIELD 
FLOWING PRESSURE DATA 


As a preliminary step, an attempt was made to ar- 
range the available flowing pressure data in the form of 
pressure vs rate curves for varying depth and GOR’s. 
As previously stated, the majority of the pressure data 
available fall into a relatively narrow range of GOR 
(around the solution ratio). Consequently, it was found 
that it was only possible to establish reasonable trends 
of pressure vs rate for a few limited cases of depths and 
GOR. These specific cases were selected to establish 
the energy-loss factor correlation. Arranging the data 
in this form, rather than considering each individua! 
pressure reading, had the advantages that (1) field re- 
sults could be weighed and anomalies rejected before 
applying them to the calculated form, and (2) AP read- 
ings could be taken from the curves at selected rates, 
thus ensuring a good spread of MQ values on the cor- 
relation graph. 

From the pressure vs rate curves, values of AP for 
various production rates were read directly. The inte- 
grated values of p, over the pressure limits so read, 
were then established by graphically integrating the 
pressure-density curve over these limits. The values of 
mass flow rate, QM, corresponding to each selected oil 
rate and GOR were calculated as described. Having thus 


established values for p, OM and AP/Ah, these values 
were substituted in the original form of Eq. 8 and solved 
for f/D,. The corresponding values of QM and f/D, 
were then plotted (Fig. 2). A reasonable correlation 
curve was obtained from these readings. 


CALCULATION OF THE CURVES 


The energy equation form (Eq. 8) was used through- 
out. The correlation established in Fig. 2 justified cal- 
culation over a range of MQ values from 600,000 to 
5 million lb/day (approximately 1,700 to 14,000 B/D 
dependent on GOR). 

Metric units are employed in La Paz and Mara fields 
and it was decided to construct gradients at the follow- 
ing rates: 300, 400, 500, 700, 900, 1,100, 1,500 and 
2,000 m*/day, each at GOR’s of 100, 150, 200, 250, 
300 and 400 vol/vol (corresponding to a range of flow 
rates in U.S. units of approximately 1,800 to 12,500 
B/D at GOR’s from 560 to 2,250 cu ft/bbl). 

Points on these curves were to be calculated at inter- 
vals of 200-psi pressure differential over a range of 
200 to 2,600 psi, requiring a total of 624 separate cal- 
culations of gradient. 

Fortunately, the given form of energy equation was 
suitable for mechanized calculation on punch-card ma- 
chines and a considerable saving in time and effort was 
achieved. 


The calculation was done in the following manner: 


Fic. 2—Corre.ation Curve. 
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(1) for each rate and GOR tor which a gradient curve 
was required, a value of QM was calculated, (2) using 
these values of QM, the corresponding values of f/D. 
were read from Fig. 2 2, and (3) a set of values for p in 
increments of 200 psi were taken from Fig. 1 for each 
GOR. 

This was the information supplied to the machines, 
which then calculated the gradient over 200-psi pressure 
increments for each set of values and each production 
rate (QM). Succeeding values of gradients were then 
averaged mechanically and divided into the pressure 
increment (200 psi) to convert the gradient value into 
feet. These depth values were then summed cumula- 
tively to give the depth corresponding to each point on 
the full pressure range of 200 to 2,600 psi. 


Table 1 represents the final machine form for each _ 


individual gradient curve. 

The curves were then plotted directly on a pressure 
vs depth scale. The plotted curves originate at a pres- 
sure of 200 psi. In order to convert to a conventional 
gradient form, as used by Gilbert’, they were extrapo- 
lated back to zero pressure and arranged with a com- 
mon origin on the depth-pressure parameters. An exam- 
ple of this type of curve is shown in Fig. 3*. 


REVERSED CURVATURE 


As noted originally by Poettmann and Carpenter, the 
condition occasionally arises where the calculated pres- 
sure traverse in the low pressure range is concave down- 
wards, instead of concave upwards as is usually the case 
in the calculated gradient curves and as appears to be 
always the case in measured traverses. This departure 
only occurs in the extreme low pressure end and has 
been adjusted by Poettmann and Carpenter by extrapo- 
lating the concave upwards trend back to zero pressure, 
ignoring the anomalous readings. This same procedure 
has been used in calculations of tubing-flow traverses in 
Venezuela and has been found to give satisfactory cor- 
relation with practical results. In most cases the depar- 
ture is slight, and the extrapolation is obvious and pre- 
sents no difficulty. 

These reversal of curvature anomalies appeared as 
expected in the present analysis and were corrected by 
extrapolation. The anomalies became more marked with 
increasing rate. 

This is to be expected from the form of the basic 
energy equation, which for any fixed mass flow rate can 
be expressed as dp/dh = p + Constant/p, and conse- 
quently will have a point of inflection in the gradient 
curve at the low pressure (low density) end. With in- 


*Space will not permit publication of the full set of calculated curves. 
However, they are available from the author on request. 


TABLE 1—MACHINE FORM FOR INDIVIDUAL GRADIENT CURVE 
Eg. GOR = 150 vol/vol®, Rate = 700 M?/D 
= 842 cu ft/bbl 4,400 B/D 
Value QM = 1,522,550 |b/day 


/De = 0.0365 
Distance between 
pressure points 
(200 + 
Pressure Density Gradient average 
(psi) (Ib/cu ft) (psi/ft) gradient) Cumulative depth (ft) 
200 4.43 0.0691 — 0 
400 8.71 0.0800 ~ 2,684 2,684 
600 12.83 0.1023 2,194 4,879 
800 16.87 0.1272 1,743 6,621 
1,000 20.50 0.1506 1,440 8,061 
1,200 23.81 0.1725 1,238 9,299 
1,400 26.80 0.1924 1,096 10,395 
1,600 29.47 0.2104 993 11,388 
1,800 31.80 0.2262 916 12,304 
2,000 33.81 0.2398 858 13,163 
2,200 35.45 0.2510 815 13,978 
2,400 36.80 0.2602 783 14,760 
2,600 38.00 0.2684 757 15,517 
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creased rates the value of the constant increases and the 
inflection point progresses to correspondingly higher 


pressures. 
OPTIMUM GAS-OIL RATIOS 


The optimum GOR’s derived from these gradient 
curves at varying casinghead pressures conform well 
with the limited data available on this subject. Fig. 4 
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Fic. 5—Intake Pressure vs Propuction RATE AT 
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Fic. 3—PressurE vs DertH CURVE. 
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shows a typical plot of intake pressure at 7,000 ft vs 
GOR for rates of flow of 3,000, 6,000, 9,000 and 12,- 
000 B/D at a casinghead pressure of 200 psi. 

The slope of these curves is of interest as explaining 
certain gas-lift anomalies. In several La Paz producers 
it had been observed that increasing the input GOR did 
not apparently improve production even when operat- 
ing below what was considered to be the over-all opti- 
mum ratio. It can be seen from the curves that even at 
low flow rates the approach to the optimum is such 
that an increase in over-all GOR in the range 1,500 to 
2,000 cu ft/bbl makes very little difference to the intake 
pressure. This is clearer if the curves are redrawn in 
the form shown in Fig. 5. 


ACCURACY OF THE CURVES 


In order to establish a check on the validity of the 
calculated curves a total of 50 flowing BHP surveys 
were examined. These surveys were made in La Paz 
and Mara Cretaceous wells and varied in rate between 
1,700 and 14,000 B/D. 

The anticipated flowing BHP’s were then read from 
the charts and checked with the pressure bomb meas- 
urements. The results of these check readings are shown 
graphically in Fig. 6. 

The frequency of departure is shown graphically in 
Fig. 7. This shows the percentage of the total number 
of readings falling into separate subdivisions of 2.5 per 


PERCENTAGE OF TOTAL NUMBER OF READINGS CONSIDERED 


=50 +25 +75 +10.0 +125 


PERCENTAGE ERROR IN TERMS OF MEASURED PRESSURE 


Fic. 7—FREQUENCY.OF DEPARTURE OF CALCULATED 
PressuRE FROM MEASURED PRESSURE. 


cent error. It appears that an accuracy of better than 
5 per cent is expectable; 60 per cent of the total read- 
ings have an error of under + 2.5 per cent. 

Considering the broad approximations made in the 
method of analysis, this apparent accuracy is surprising. 
The fact that the gradient curves have been in regular 
use in gas-lift string design and general flowing per- 
formance problems in the La Paz and Mara fields for 
over three years is perhaps a better indication of their 
accuracy. 
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Velocity Log Characteristics 


INTRODUCTION 


This paper discusses the character- 
istics of the velocity logs now avail- 
able to the petroleum industry, and 
some of their advantages and limita- 
tions. 


The velocity log was designed as 
an_aid to the geophysicist to deter- 
“mine velocity layering in the earth 
and to provide fast, accurate and 
economical vertical travel time data. 
After a number of logs had been 
made, studies were carried out on 
their use in correlating strata in ad- 
jacent wells. It was found that ad- 
jacent strata usually show sufficient 
velocity contrast to make it possible 
to correlate these from well to well, 
even in areas where electric or radio- 
_ active logs fail.’ 

In addition, velocity logs have 
been useful in the determination of 
porosity and thickness of reservoir 
rock.” These uses for velocity logs 
require an understanding of the 
characteristics of the log in response 
to the changes in velocity and in 
borehole conditions encountered nor- 
mally in logging. 


GENERAL DISCUSSION OF 
INSTRUMENTATION 


The measurement made in velocity 
logging is more accurately described 
as a measurement of time rather than 
velocity. Ideally the log is obtained 
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by measuring the length of time re- 
quired for compressional sound 
waves to travel through a fixed dis- 
tance in the formation. In practice, 
the time measurement may be made 
accurately but the distance through 
which the waves have traveled may 
vary slightly. Changes in borehole 
diameter are responsible largely for 
the difficulty in maintaining a fixed 
distance, especially if the diameter 
variations are so abrupt and frequent 
that the borehole instrument cannot 
follow contours of the hole. 


Several service companies have 
velocity logging equipment available 
or under development which have 
different transmitters, receivers, and 
measuring systems. While these dif- 
ferences are important, there are ac- 
tually only two systems in use at the 


s 


present time (Fig. 1).°* The first 
system initiates a pulse at a trans- 
mitter and detects it at a single re- 
ceiver. The transmitter and receiver 
are separated by a fixed distance, 
called the spacing. The time meas- 
ured is that between the initiation of 
the pulse and the first arrival of 
acoustical energy at the receiver. 
The second system uses two re- 


-ceivers and a transmitter. The re- 


ceivers are separated by a fixed dis- 
tance and the time between arrivals 
of energy at the two receivers is 
measured. Here, the spacing is the 
distance between receivers. 

The two systems have much in 
common for it is possible to record 
both logs simultaneously. Usually the 
transmitter is an electro-mechanical 
transducer which produces discrete 
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Fic. 1—BoreHoie INSTRUMENTS FoR VEtocity Locs. 


207 


acoustical pulses in the frequency 
range from 10 to 20 kilocycles/sec. 
In some instruments the pulse repe- 
tition rate is slow and point-by-point 
measurements are made. In others 
the repetition rate is on the order of 
20 times a second. Even with this 
high repetition rate point-by-point 
measurements are made, but they 
are so closely spaced that an essen- 
tially continuous record results at 
normal logging speeds. 


Energy from the transmitter is 
coupled to the borehole wall through 
the drilling fluid. Velocity logs may 
be made in any type drilling fluid 
except gas or air. Gas-cut muds de- 
crease the efficiency of the acoustical 
coupling. 

The one- and two-receiver logs of 
a true-gauge hole are practically 
identical; however, very few wells 
are true gauge over their entire 
depth. In general the single-receiver 
log will measure too much travel 
time or too low velocity opposite 
washed-out zones. The two-receiver 
log will be distorted for a distance 
equal to its spacing at the boundaries 
of washed-out zones. The reasons 
for these characteristics will be given 
in the discussion that follows. 


CHARACTERISTICS OF SINGLE- 
RECEIVER SYSTEMS 


CORRECTION NECESSARY 
FOR Mup PatH 


One version of single-receiver log- 
ging instruments is shown in Fig. 
1A. The instrument may have bump- 
ers to reduce noise caused by in- 
strument drag against the side of the 
borehole. The distance between the 
transmitter and receiver is the 
spacing, S. The depth reference is 
midway between the transmitter and 
receiver. The time measurement, 1, 
is made from the initiation of the 
pulse to the arrival of acoustical en- 
ergy at the receiver. The velocity 
may be approximated by dividing 
the spacing by the time (S/t). How- 
ever, a closer approximation would 
result if t were decreased by the sum 
of the mud-travel times, At, between 
the transmitter and the borehole 
wall and At., between the borehole 
wall and the receiver. Formation 
velocity V, can be written, 

Eq. 1 is sufficiently accurate only 
when At, and At, are small. This con- 
dition is realized when the logging 
instrument is close to the borehole 
wall. 

If the distance from the logging 
instrument to the borehole wall is 
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large, additional corrections are 
necessary . Let us assume that sim- 
ple refraction theory is applicable. 
Let the diameter of the hole be d 
and of the logging tool d,. The axis 
of the tool is assumed to be parallel 
to the axis of the borehole, but may 
be displaced from it by a distance, c. 
The velocity of the mud will be de- 
noted by V,, and of the formation 
V,. It is assumed that V; > Vn. 

When the transmitter pulses, the 
resulting waves progress outward in 
all directions. If the receiver is too 
close to the source (S too small), 
the first waves to reach the receiver 
will travel in a direct path through 
the mud. If S is increased, the in- 
direct wave, which travels partly 
through the formation, will arrive at 
the receiver first. The quantities that 
determine which wave arrives first 
are spacing, length of mud path and 
velocities, V,, and V,;. Only the in- 
direct wave is of interest in velocity 
logging. 

The earliest arrival time is meas- 
ured. The-ray path of least time will 
be TABR (Fig. 1A), which can be 
broken into three parts to determine 
the travel time for each segment. 
The first part TA is the incident 
ray refracted along the interface at 
the critical angle, 6. AB _ travels 
through the formation with velocity 
V, and BR is the emergent ray 
detected by the receiver. By Snell’s 
law, sin 6 =V,,/V;, and the total 


travel time along the refraction 
path is 
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It is desirable to express Eq. 2 in 
terms of the assigned dimensions. 
It also would be more convenient to 
express the path through the forma- 
tion not as a variable distance AB, 
but as the fixed distance, S. If this 
is done, Eq. 2 becomes 

S (7 4 
Ve V; 

(3) 

It can be seen from Eq. 3 that 
t is made up of formation travel and 
mud-path times. Mud-path time is 
not a constant since d, c and V,; may 
vary during the logging operation. 
Fig. 2 is a plot of correction time vs 
formation velocity for a series of 
hole sizes. The positive correction 
necessary to make AB =S and the 
negative correction for mud path are 
combined and called “mud-path cor- 
rection time’. Since the plot is made 
on the assumption that c = 0, the 
correction is maximum. In practice, 
the value of c for a true-gauge hole 
may be estimated by assuming the 
logging tool to be against the wall of 
the hole (unless centralizers are 
used). In washed-out sections it is 
difficult to estimate c. 


RADIUS OF INVESTIGATION 


In well log interpretation it is 
highly desirable to know the lateral 
extent of the measurement, or “ra- 
dius of investigation” of the logging 
sonde. In electric logging, for ex- 
ample, it can be shown that the long 
spacings are less affected by borehole 
irregularities and invaded zones than 
the short spacings. Interpretation 
methods utilize this fact by compar- 
ing logs of various spacings. 

In acoustic velocity logging the 
radius of investigation will be deter- 
mined by the least travel-time path 
for refracted waves leaving the trans- 
mitter to arrive at the receivers. Rea- 
soning intuitively, one might assume 
that the wave path very near the 
borehole wall is physically the short- 
est and, hence, the path of least trav- 
el time. This reasoning might lead 
one to conclude that the log is in- 
fluenced only~by the rock within a 
few inches of the borehole wall. Al- 
though not completely unsound, this 
reasoning is subject to modification. 

The wave lengths of the acoustic 
energy may be calculated from the 
relationship, 4 = V/n, where 2X is 
wave length, V the velocity through 
the formation and n the wave fre- 
quency. In sedimentary rocks, V 
varies from approximately 5,000 to 
25,000 ft/sec. Frequencies used in 
logging tools now available are from 
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10 to 20 kilocycles/sec. Therefore, 
ranges from 0.25 to 2.5 ft (1 ft is 
probably a good average value). 
Acoustic energy within this range of 
wave lengths will not be confined to 
a small region immediately adjacent 
to the borehole wall. Experiments 
made in the laboratory indicate that 
a thickness of at least 3A is necessary 
to support a compressional wave 
Over an appreciable distance. In these 
experiments, brass plates varying in 
thickness from a fraction to several 
wave lengths were used. Each plate 
was mounted firmly on a thick, silver 
bar whose acoustic impedance closely 
matched the brass plate and whose 
compressional velocity was less than 
that of brass. This was done to ob- 
tain a condition similar to an in- 
vaded zone with a formation of lower 
velocity behind it. 


If the results of these experiments 
are applicable to the field measure- 
ments, then the lateral extent of 
acoustic waves in velocity logging 
ranges from 0.75 to 7.5 ft from the 
borehole wall, with 3 ft as an average 
value. This distance depends mainly 
on the wave length of the trans- 
mitted energy. The wave length, in 
turn, is determined by the frequency 
of the transmitted wave and _ its 
velocity. 

Our experience in logging through 
casing illustrates the point. Forma- 
tion velocities either higher or lower 
than casing velocity may be meas- 
ured in a cased hole provided the 
casing is bonded rigidly to the for- 
mation by cement. If the casing is 
not cemented, acoustic energy is 
transmitted through it, but not 
through the surrounding formation. 
In this situation, casing velocity only 
is recorded on the log. 

Further evidence supporting the 
conclusion that the radius of inves- 
tigation is greater than a few inches 
has been found on field logs in the 
Gulf Coast area. The acoustic veloc- 
ity through gas sands has been meas- 
ured in several wells. Normally, the 
velocity through a gas sand is lower 
than the velocity through a water 
sand of the same porosity. However, 
when mud filtrate invasion is deep, 
the velocities are the same. When 
invasion is shallow, the “thin” in- 
vaded zone does not support the 
compressional wave and the lower 
velocity through the gas sand is 
measured. 

In the example just cited, the in- 
vaded zone was a higher velocity 
zone adjacent to the borehole wall. 
The apparent velocity on the log 
depended upon whether or not this 
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zone would transmit a measurable 
compressional wave over a distance 
equal to the Z spacing (Fig. 1B). An 
interesting variation occurs when the 
velocity gradient is reversed and the 
zone of low velocity is adjacent to 
the borehole wall. This situation oc- 
curs when certain shales are drilled 
with water-base mud. The shale for- 
mation swells and becomes altered 
with the result that lower acoustic 
velocity will be found in the region 
near the wall. It is possible to meas- 
ure this lower velocity by providing 
a short spacing from the transmitter 
to the first receiver. However, if this 
spacing is increased, the shortest 
travel time is through the unaltered 
formation and a higher velocity is 
measured. Under these conditions, a 
logging sonde with a long Z spacing 
has a greater radius of investigation 


the unaltered shale. 


RESPONSE AT INTERFACE 
BETWEEN THICK BEDS 


A thick bed may be defined as _ 


any bed whose vertical thickness is 
greater than the spacing, S. If there 
is a sharp interface between thick 
homogeneous beds, as illustrated in 
Fig. 3, the change from the first 
velocity, V,, to the second, V., will 
appear to occur over a vertical dis- 
tance equal to S. The bed boundary 
may be picked as 0.5 S below the 
velocity break at A. Z 


In order to compute the response 
just described, it is convenient to 
assume that S is divided into n incre- 
ments, each AS. As the tool traverses 
the boundary, assume that y incre- 
ments are in the zone having velocity 
V,, and that n — y increments are 
in the zone having velocity V.. The 
travel time through the first interval 
is y AS/V,, and the time through the 
second interval is (n — y)AS/V;. 
The time, t, over the spacing S is 
yAS/V, + (n— y) AS/V,. Since the 
log is a record of this time, the re- 
sponse at this position has been 
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and the velocity measured is that of © 
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determined. The response across the 
boundary may be determined by let- 
ing y vary from 0 to n. 

Still more specifically, assume S$ 
to be 6 ft, V, to be 10,000 ft/sec in 
shale and V, to be 20,000 ft/sec in 
limestone. Then the travel time in _ 
the shale will be 100 microseconds/ft, 
and in the limestone, 50 microsec- 
onds/ft. When the entire tool is with- 
in the shale zone, the travel time 
over the spacing will be 600 micro- 
seconds. When the transmitter is 5 
ft above the interface and the re- 
ceiver is 1 ft below it, the time over 
the spacing will be 550 microsec- 
onds, and when the tool is lowered 
another foot, the time will be 500 
microseconds. Successive displace- 
ments into the limestone will show 
the time decreasing 50 microsec- 
onds/ft until the tool is wholly with- 
in the limestone. At this position, 
the time over the spacing will be 300 
microseconds. The velocity over the 
6-ft interval at any position may be 
determined by dividing 6 ft by the 
time in seconds across the interval. 

In the field example illustrating 
the response of the velocity log at 
bed boundaries, the thickness of the 
bed and the location of the bound- 
aries may be seen on the Micro- 
Laterolog. The high resistivity on the 
MicroLaterolog correlates with high 
velocity. True bed thickness in this 
example is 25 ft. On the velocity 
log, the high-velocity excursion be- 
gins at 3,383 ft and ends at 3,414 
ft. By applying the one-half spacing 
rule (0.5S = 3 ft in this example), 
one finds the bed boundaries to be 
at 3,386 and 3,411 ft. 


RESPONSE OF THE VELOCITY LOG 
TO THIN BEDS BOUNDED BY 
HOMOGENEOUS THICK BEDS 


A thin bed may be defined as one 
of uniform velocity whose vertical 
thickness is equal to or less than the 
spacing S of the logging instru- 
ment. Three thin beds are illustrated 
in Fig. 4. The vertical dimensions 
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in the figure may be tabulated in 
terms of S. 


Maximum 
Apparent 
Fig. 4 e Plateau Velocity 
A Point Vo 
B 2/3 § V3 $ Less than V2 
Cc Less than V2 


It may be seen from these data that 
the vertical extent of each plateau 

In determining bed thickness for 
an isolated thin bed, the points 
where the log first departs from ad- 
jacent bed velocity are used. These 
points will be separated by a dis- 
tance, S +e. The bed boundaries 
will lie between these points, 0.55 
from each. It should be noted that 
this is not the same as measuring 
between mid-points on the excur- 
sions. Confusion may arise also if 
the vertical extent of the velocity 
plateaus is used to determine bed 
thickness. This is so because of the 
inverse relationship, the thinner the 
bed the thicker its plateau. 


In Fig. 4B and 4C, the thin beds 
have been assigned a velocity, V:, 
and the adjacent beds velocity, V;. 
The minimum travel time (velocity 
plateau) occurs when the entire thin 
bed is within the spacing. The min- 
imum travel time may be computed 
by addition, e/V.+(S—e)/V,. This 
minimum travel time is recorded at 
the plateau. V, and e may be deter- 
mined from the log, and since S is 
known, it is theoretically possible to 
compute V,. 


Field examples have been selected 
to illustrate these points. In the lower 
left corner of Fig. 4, the response 
to a bed of higher resistivity is re- 
corded. The bed thickness is so close 
to the spacing of the 64-in. normal 
that this log does not show its bound- 
aries. The 14.5-in. normal shows the 
bed thickness to be 7 ft. The velocity 
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log has a peak value and also indi- 
cates the bed thickness to be 7 ft. 

In the lower right corner of Fig. 4 
are three velocity logs of different 
spacing through the same section. 
The high-velocity bed is composed 
of very thin limestone stringers with 
adjacent thick shale beds. As the 
spacing increases (from left to right) 
the indicated velocity decreases and 
the apparent bed thickness increases. 


RESPONSE OF THE VELOCITY LoG 
TO A SEQUENCE OF THIN BEDS 

In the figures discussed previously 
the symmetry of velocity logs has 
been iliustrated. In Fig. this 
symmetry is repeated for a sequence 
of thin beds. The centers of the 
plateaus are directly opposite the 
centers of their respective beds. Also 
the center of the low-velocity anom- 
aly on the log is opposite the center 
of the low-velocity bed. In this figure 
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only two velocities, V, and V., were 
considered. 

In Fig. 5B alternation of V, and 
V, is again considered, but the beds 
are thinner. In this case the vertical 
resolution of beds thinner than the 
spacing is no longer apparent. For 
example, there is no direct indica- 
tion on the Jog of the presence of 
the center bed of velocity, V:. 

Fig. 5C shows the same beds as 
Fig. 5B but with different velocities. 
It would be difficult to determine 
bed boundaries from the log. Al- 
though the bed boundaries are not 
clearly resolved, the indicated veloci- 
ties are correct for the given spacing. 
No bed, however thin, has been 
omitted from the measurement. As 
is the case in other logging systems, 
better bed resolution may be ob- 
tained with shorter spacing. 


RESPONSE OF THE ONE-RECEIVER 
Loc To CAVITIES 


When the borehole is enlarged 
abruptly, the distance from trans- 
mitter end receiver to the wall is 
increased. Therefore, mud-path travel 
time is increased and the travel time 
on the log is greater than if no cavity 
were present. The apparent velocity 
recorded on the log is lower than the 
true velocity of the formation; this 
is a systematic error. It is difficult 
to correct even if a caliper log is 
available because the distance be- 
tween the tool and borehole wall is 
unknown. 


A characteristic response to thin 
cavities is illustrated in Fig. 6A. In 
the construction of the figure, travel 
times were assumed tc be 200 micro- 
seconds/ft in the drilling mud, 50- 
microseconds/ft in the limestone 
beds and 100 microseconds/ft in the 
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shale. The increase in borehole radius 
was chosen as 1 ft, shale bed thick- 
ness 2 ft and instrument spacing 6 
ft. The theoretical curve was plotted 
by moving the tool in small incre- 
ments and determining the shortest 
possible travel time over any path 
from transmitter to receiver. Two 
maxima were observed, one when 
the receiver was at Point A, and one 
when the transmitter was at Point B. 
When the receiver is at Point A the 
travel time over Path F,BA is equal 
to the travel time over Path F,F.F,A. 
Movement of the receiver either up- 
ward or downward will decrease the 
time measurement. Similar reasoning 
establishes a maximum travel time 
measurement when the transmitter is 
_at Point B. 

Obviously, the contour of the bore- 
hole will affect the response just 
described. Various travel times in the 
formation may occur and will com- 
bine to determine the curve shape. 


CHARACTERISTICS OF THE 
TWO-RECEIVER SYSTEM 


MEASUREMENT BETWEEN RECEIVERS 
ELIMINATES NECESSITY FOR 
Mupb-PATH CORRECTION 


The ray path taken by the sound 
wave, described in a previous section, 
can also be applied to the two-re- 
ceiver system. The incident ray con- 
tinues through the formation where 
it is refracted into the mud all along 
the borehole. This refracted wave is 
detected first at the receiver nearest 
the transmitter and later at the sec- 
ond receiver. The arrival of the sound 
wave at the first receiver initiates the 
time measurement and the arrival 
of the wave at the second receiver 
ends it. Therefore, if the mud-path 
travel time from borehole to receiver 
is the same for each receiver, the 
effect of mud-path travel time is 
eliminated from the measurement. 
The importance of this can be recog- 
nized when one realizes that it is no 
longer necessary to make a correc- 
tion to the log even though the dis- 
tance from the instrument to the 
borehole wall varies. The velocity 
may be determined from this log by 
S/t, where S is the distance between 
receivers and t¢ is the time between 
arrivals of the sound waves at the 
two receivers. 


RESPONSE OF THE TWO-RECEIVER 
Loc To CAVITIES 

As the two-receiver logging tool 
moves past an abrupt change in bore- 
hole diameter the necessary condi- 
tion for accurate formation travel 
time measurement is no longer satis- 
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fied. If the first receiver only is with- 
in the enlarged section, there is extra 
mud path between this receiver and 
the wall. This has the effect of de- 
laying the start of the measurement. 
Consequently, too short a time is re- 
corded and the apparent velocity on 
the log is too high. If the cavity is 
thicker than the spacing, both re- 
ceivers may be in the enlarged sec- 
tion as the logging instrument moves 
through it. During this time, the 
distance from the receivers to the 
wall will be approximately equal and 
good measurements will be made. 
Finally, the first receiver will be in 
the smaller section of the hole while 
the second receiver is in the en- 
larged section. The situation is now 
reversed, because the time measure- 
ment is too long and the apparent 
velocity too low. 

Fig. 6B illustrates this important 
characteristic of the two-receiver log. 
It is evident that the excursions on 
the computed log are not character- 
istic of the formations. Velocity 


measurements are distorted for a 


distance of 0.5S both above and 
below the boundaries of the cavity. 
This applies to a thick cavity as well 
as to the thin cavity in the illustra- 
tion. 

Despite this distortion, the errors 
involved are equal and opposite. The 
travel time measurement obtained by 
integrating the log over the distance 
S + e will be accurate. 

Field examples in Fig. 6 show a 
caliper log and the two types of 
velocity logs. The effective thick- 
ness of the cavity is about 2 ft. The 
spacing is 6 ft for both velocity logs. 
Note that the distance between the 
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two maximum time measurements 
(velocity minima) is about 5 ft for 
the one-receiver log. This corresponds 
closely to the theoretical log shown 
in Fig. 6A. The distance between 
these points is a function of the 
spacing, but not necessarily equal 
to it. 


On the field example for the two- 
receiver log, there is one maximum 
and one minimum time measure- 
ment. The vertical distance between 
them is equal to the spacing; this 
will be true in all cases where the 
cavity thickness is less than the spac- 
ing. The cavity is not located half 
way between these two points; how- 
ever, the upper and lower boundaries 
of the cavity may be located by the 
one-half spacing rule illustrated in 
Fig. 6B. 


A comparison of one- and two- 
receiver logs is shown in Fig. 7. 
These logs were recorded simul- 
taneously in a well having a section 
of Pennsylvanian shales and lime- 
_stones. The shales washed out, leav- 
ing large cavities as shown by the 
caliper log. The time measurements 
from the two-receiver log checked 
very closely with measurements from 
a conventional geophone survey. 
Time measurements on the one-re- 
ceiver log proved to be too long 
through this section. 


CONCLUSIONS 


The measurement made in velocity 
logging is more accurately described 
as a measurement of time rather 
than velocity. There are two systems 
available: (1) the borehole instru- 
ment has a transmitter (acoustic 
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pulse generator) and a single re- 
ceiver. These are separated by a 
fixed distance and the measurement 
made is the time required for a pulse 
leaving the transmitter to be detected 
at the receiver; and (2) the borehole 
instrument has a transmitter and two 
receivers in vertical alignment. In 
this system a measurement is made 
of the time between arrivals of acous- 
tic energy at the two receivers. 
The two-receiver velocity log is 
more accurate than the single-re- 
ceiver log because it eliminates the 
necessity for mud travel-time correc- 
tion. In true gauge sections of the 
borehole, logs obtained with the two 
systems are practically identical, dif- 
fering only through borehole cavities 
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and in sections where the velocity 
has been altered by swelling of shales 
or by filtrate invasion. 

The velocity log obtained with 
either system is symmetrical and is 
affected only by the properties of 
the material within the spacing. The 
logs are distorted at the boundaries 
of cavities. With the two-receiver 
system, the errors introduced by this 
distortion are self-compensating, and 
thus the vertical travel time based on 
the distorted readings is correct. 

The radius of investigation of the 
velocity log depends primarily on 
the wave length of the acoustic en- 
ergy transmitted through the forma- 
tion, and secondarily on conditions 
near the borehole wall. In general, 


this radius is about three wave 
lengths, or from 0.75 to 7.5 ft for 
logging tools in use at present. 

The boundary between adjacent 
thick beds may be found by meas- 
uring a distance equal to one-half 
the log spacing from the point where 
the log first responds to the influence 
of the adjacent bed toward that bed. 

Studies of various combinations of 
thin beds (bed thickness less than 
tool spacing) show that in some 
cases the log defines bed boundaries 
clearly; in others, the results are 
such that boundary determinations 
are obscured. 
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Spacing of Natural Gas Wells 
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A-BS CT 


The discovery of a new gas reservoir demands that 
the planning of a sound well-spacing program be 
initiated early in the development stage. It is the pur- 
pose of this discussion to illustrate by actual field 
examples the application of basic well-spacing prin- 
ciples, previously developed for oil reservoirs, to the 
problem of well spacing in natural gas fields. These 
studies are presented for the field use of geologists 
and engineers who are concerned with the initial plan- 
ning of the proper development of the newly discovered 
gas reservoir. 


CT LON 


The phenomenal growth of a vigorous natural gas 
industry emphasizes the increasing importance of nat- 
ural gas as a source of energy, fuel, and raw materials 
to our nation’s economy. Since 1945 marketed produc- 
tion of natural gas for the U. S. has increased 212 
times to a record high of 10.6 trillion cu ft during 
1957. As major participants in the gas industry, we 
share an added interest to develop and produce our 
natural gas reserves with constantly improved efficiency. 


The subject of well spacing is vitally important to 
the gas industry, for the well itself plays a significant 
role in the development of the natural gas reservoir and 
in control of the recovery process. Maximum utilization 
of wells is an integral part of sound conservation 
practices. 

The discovery of a new gas reservoir demands that 
careful choice of well location and well spacing be 
made and that the planning of a sound well spacing 
program be initiated early on the development stage. 
With the drilling of the first development well, efforts 
of the geologist and engineer must be directed toward 
acquisition of adequate technical evidence upon which 
a firm recommendation for a spacing program may be 
based. With this technical appraisal as a foundation, 
operators and state regulatory agencies jointly can go 
far in providing a framework for sound development 
of gas fields to achieve a program of conservation 
that avoids the unnecessary well. 


WELL-SPACING CONCEPTS 


Through laboratory and field investigations of the 
mechanism of the recovery of oil and gas, of fluid 
behavior, and of effective control of reservoir and well, 
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a crystallization of ideas regarding reservoir behavior 
has emerged as a well-developed technology. Associated 
with a better understanding of the fundamental princi- 
ples underlying reservoir and well behavior has been 
the growth of concepts concerning the role of wells 
and their spacing in the development and operation 
of an oil or gas reservoir. 


In addition to serving as outlets for the withdrawal 
of fluids from the reservoir, wells are recognized as 
having two other important functions: (1) providing 
access to the reservoir to obtain information concerning 
the characteristics of the reservoir and its fluids, and 
(2) serving as a means by which the natural or induced 
recovery mechanism may be effectively controlled. Be- 
yond a minimum number of wells required to fulfill 
these two functions, additional wells will not increase 
recovery. With particular emphasis upon well spacing 
in oil reservoirs, many studies of the well spacing- 
recovery relationship have evolved the concept that the 
ultimate oil recovery is essentially independent of the 
well spacing.’ 

These fundamental concepts are no different when 
regarding the role of wells and their spacing in the 
natural gas reservoir. They are equally applicable to 
the consideration of well spacing in gas reservoirs. 
For the gas reservoir, the problem of well spacing then 
revolves around the question of drainage and the degree 
or extent to which a well may drain gas from its sur- 
rounding reservoir environment. 


THEORETICAL AND EXPERIMENTAL WORK 


During the past 30 years, theoretical and experi- 
mental work carried on to study the physical principles 
involved in the flow of fluids through porous media has 
shed light upon the matter of drainage. Fundamental 
mathematical equations have been derived to describe 
the mechanism of flow of oil and gas through porous 
rocks. 

With the recent advent of high-speed digital com- 
puters, attempts have been made with mounting success 
to develop solutions, employing numerical techniques, 
to mathematical expressions that describe more rigor- 
ously the physical behavior and mechanism involved 
in the unsteady-state flow of compressible fluids, such 
as a gas, through porous rock. In 1953, Bruce, Peace- 
man, Rachford and Rice’ published a stable numerical 
procedure for solving the equation for production of gas 
at constant rate. The results of these calculations are 
significant with respect to this matter of drainage, for 
they indicated (1) that depletion of the gas reservoir 
resulted in a drop in pressure at the extremity of the 
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reservoir, and (2) that in a continuous sand body gas 
can be drained from a very large area in a predictable 
length of time. 


FIELD EVIDENCE OF DRAINAGE 


Although theoretical and experimental work regard- 
ing drainage has been invaluable in the development of 
present thinking, it is to the field that many investi- 
gators have turned for proof of drainage and its impli- 
cations in the well-spacing question—whether it relates 
to an oil or to a gas reservoir. 


WOoOoODBINE BASIN STUDY 


An outstanding example of pressure interference is 
found in the Woodbine formation in East Texas where 
more than a dozen major oil and gas pools draw on the 
Woodbine formation for water drive. Studies of the 
performance of these reservoirs have given direct 
evidence of pronounced pressure interference between 
pools and of the mass movements of water over dis- 
tances of many miles. An area-wide investigation of the 
pressure behavior throughout the Woodbine sand by 
Bell and Shepherd,’ and by Rumble, Spain, and Stamm,’ 
indicated that by 1946-47 the influence of the Mexia- 
Powell fault line field production was felt about 70 to 
80 miles from the fault line fields and that the influence 
of the East Texas field had extended westward some 
65 miles (Fig. 1). Here was proof of the extent to 
which movement of a fluid may occur in a continuous 
sand body. 


INTERFIELD INTERFERENCE 


With the study of Woodbine Basin as general back- 
ground, one may turn more specifically to the behavior 
patterns of the Navarro Crossing, Oakwood, and South- 
west Oakwood fields, a group of gas fields located in 
the south central portion of the basin. The pressure- 
production histories of these fields bring into focus 
the interfield interference that occurred during the 
course of development and production from the area, 
and shed further light upon the degree of continuity 
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within the Woodbine formation and magnitude of dis- 
tances over which interfering effects and pressure 
reactions may be experienced. This in turn provides 
basis for certain conclusions regarding the spacing of 
gas wells for effective depletion of these gas reserves. 


NAVARRO CROSSING 


The Navarro Crossing field, 14 miles south of Long 
Lake field in northwestern Houston County, Tex., was 
discovered April 8, 1938, with the completion of 
Humble’s H. H. Dailey No. 1. 

Situated in the upper portion of the Woodbine sand 
formation of Cretaceous age, the reservoir was found 
to comprise a large gas cap overlying a thin oil 
column. The permeability of the sand was 1,100 md 
and its porosity 21 per cent. The reservoir was first 
produced as an oil field, but nearly immediate difficul- 
ties were encountered in avoiding extremely high GOR’s 
and large quantities of water. Following a Railroad 
Commission hearing, a revision of field rules permitted 
proration of both gas and oil wells on the basis of gas 
production, and Navarro Crossing began operation as 
a gas reserve March 10, 1945. From an initial reser- 
voir pressure of 2,700 psi at — 5,615 ft, the pressure 
declined to 2,552 psi by early 1945 (Fig. 2) as a result 
of withdrawals of oil, gas and water from the field 
itself and as a result of the production of other nearby 
fields drawing upon the basin for their water drive. 
Since the institution of gas sales from Navarro Cross- 
ing, the pressure has declined steadily to 2,230 psi as 
of May 1, 1957. 


OAKWOOD 


Evidence of interfield interference is presented in 
the pressure behavior of the Oakwood field, located 
in the northeast portion of Leon County, Tex., 1.5 
miles west of Navarro Crossing and 13 miles south of 
Long Lake. Oakwood was discovered April 3, 1939, 
with the completion of Humble’s E. F. Swift Heirs 
No. 1, one year after discovery of the Navarro Crossing 
field. As at Navarro Crossing, the Oakwood reservoir, 
producing from the Woodbine sand, likewise had a 
large gas cap, a very thin oil column, and an effective 
water drive. One month after completion of- the dis- 
covery well, an initial shut-in subsurface pressure of 
2,660 psi was measured in Swift Heirs No. 1 at the 
datum of — 5,615 ft. It is notable that this pressure 
was 40 psi below an estimated normal pressure for this 
depth (2,700 psi), and was nearly identical to the aver- 
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age reservoir pressure observed at Navarro Crossing at 
that time (Fig. 2). 


During 1939, two oil wells and two gas wells were 
drilled in the field, The gas wells were shut in at the 
end of 1939 for lack of commercial market. The oil 
wells continued to produce as high GOR wells until 
Jan. 25, 1941, when they were reclassified as gas wells 
and shut in. All wells at Oakwood remained shut in 
until Sept. 15, 1945, when completion of a commercial 
gas gathering system permitted gas production for com- 
mercial sale. Just prior to reopening the field, an average 
subsurface pressure of 2,544 psi was observed in two 
wells July 11, 1945. This pressure was 90 psi less than 
that measured in the same two wells six years earlier, 
although the field had produced but very little oil and 


gas during the first 142 years and had remained shut in 


for the latter 41% years. It was also significant that 
2,544 psi at Oakwood compared very closely with a 
reservoir pressure of 2,547 psi measured Aug. 1, 1945, 
in 16 wells at Navarro Crossing. It was indicated that, 
despite shut-down, the pressure at Oakwood continued 
to fall along the trend observed at adjacent Navarro 
Crossing as the latter continued to produce. It is reason- 
able to conclude that the pressure decline at Oakwood, 
while it remained shut in, was the result of the inter- 
fering effects of withdrawals of fluids (oil, gas, and 
water) not only from nearby Navarro Crossing, but 
also from other gas and oil reservoirs producing from 
the common Woodbine aquifer in the larger regional 
vicinity of Oakwood. This interference established the 
continuity of the Woodbine formation and emphasized 
the-fact that pressure communication over large dis- 
tances was possible. 


SOUTHWEST OAKWOOD 


Discovery of the Southwest Oakwood gas field Sept. 
19, 1951, in northeast Leon County, provided more 
dramatic evidence of interference and pressure com- 
munication between fields producing regionally from 
a common. basin. This reservoir is 5 miles west of 
Oakwood, 10 miles west of Navarro Crossing, 6 miles 
northeast of Buffalo and 13 miles southwest of Long 
Lake. It is a low-relief, faulted anticline, with gas 
production obtained from the Lewisville section of the 
Woodbine sand. The formation has a permeability of 


250 md and a porosity of 23 per cent. One month 


after completion of the discovery well, Humble’s Lester 
Foran No. 1 (now Southwest Oakwood Gas Unit 1, 
Well No. 1), an initial reservoir pressure of 2,384 psi 
was observed in that well at a datum of — 5,519 ft 
(Fig. 2). This was about 270 psi below the normal 
estimated original pressure that existed in that portion 
of the Woodbine basin prior to production. 


Development of this field proceeded on 640-acre 
spacing, and by the latter part of 1954 six wells had 
been completed. During that entire period since dis- 
covery, all wells drilled remained shut in following 
their initial potential test because of lack of commercial 
gas outlet. It was not until Nov. 15, 1954, that pro- 
duction of gas for commercial sale began. Throughout 
this initial shut-in period of more than three years, 
measurements of subsurface pressures were made in 
wells as they were completed. All measurements indi- 
cated a declining pressure trend in the reservoir even 
though no gas had as yet been produced from the 
field. The last survey, Nov. 1, 1954, two weeks before 
production began, showed a pressure of 2,304 psi, 
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representing 4 decline of 80 psi over the three year 
shut-in period. As shown in Fig. 2, this pressure be- 
havior at Southwest Oakwood closely paralleled the 
pressure trends at Oakwood and at Navarro Crossing. 
In fact, the 2,304 psi on Nov. 1, 1954 almost equaled 
the pressure at Navarro Crossing. 


The interfering effects of withdrawals of gas from 
surrounding fields upon the pressure behavior at South- 
west Oakwood may be more readily seen in Fig. 3. 
Here the pressure variations for Southwest Oakwood 
are presented for a four-year period from Sept., 1951 
to the middle of 1955. This interval covers the shut-in 
period occurring during the first three years at South- 
west Oakwood. Also presented are monthly rates of gas 
withdrawals from Navarro Crossing, Oakwood, Buffalo 
and Long Lake. Closer examination of pressure varia- 
tions at Southwest Oakwood shows that the reservoir 
pressure of this shut-in field responded to peak winter 
gas withdrawals from those fields by more rapid rate 
of pressure decline. Cut-backs in gas production dur- 
ing summer months resulted in moderation of the over- 
all downward trend in pressure. The response in pres- 
sure behavior of the Southwest Oakwood reservoir dur- 
ing the extended shut-in period to gas withdrawals from 
surrounding fields 5 to 13 miles away reflects the mag- 
nitude of the interfield interference occurring in this 
portion of the Woodbine Basin and certainly gives 
proof of the great distances over which pressure com- 
munication can occur in a continuous sand body. 


DELAYED DEVELOPMENT AND STEP-OUT WELLS 


Positive evidence of drainage and mass movement of 
reservoir fluids over considerable distances may be 
found in the case histories of delayed development and 
step-out wells. The following examples in actual field 
operations are cited where later drilled step-out wells 
or delayed development wells in remote portions of a 
continuous reservoir rock have given ample proof of 
fluid migration having occurred from these remote areas 
toward the centers of continued withdrawals of gas 
from earlier drilled completions. The physical depletion 
of gas that has occurred in these later developed areas 
has been confirmed by the definite reduction in reser- 
voir pressure initially observed upon completion of 
these more recent wells, by their reduced potentials or 
deliverability, and by their production characteristics 
similar to or identical with those of earlier drilled 
wells. 


OAKWOOD 


It has been pointed out that the Oakwood field was 
partially developed in 1939 with two oil wells and two 
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gas wells in the Woodbine sand. The ‘gas wells were 
soon shut in for lack of market. The oil wells continued 
to produce until Jan., 1941, when they were reclassi- 
fied as gas wells and shut in. The field remained shut 
in until Sept. 15, 1945, when a gas market outlet was 
obtained. Just prior to reopening the field, Humble’s 
Leone Plantation No. 1 was completed on July 23, 
1945, as a gas well at a location 3,200 ft southeast of 
the nearest earlier drilled gas well. Five days earlier 
on July 18, 1945, during a drill-stem test, a pressure of 
2,550 psi was measured in this well (Fig. 4). This pres- 
sure was 150 psi below the initial pressure of 2,700 psi 
established for this field at the — 5,615-ft datum, and 
nearly identical to the average pressure of 2,544 psi, 
observed at that time in two earlier completed wells. 
Hence, despite the fact that the field had been shut in 
for the past 4% years and had produced but very lit- 
tle oil and gas since its discovery in 1939, the pres- 
sure over the entire reservoir had declined uniformly 
by 90 psi during the six-year interval because of with- 
drawals from nearby Navarro Crossing and. from other 
fields producing from the common Woodbine aquifer. 
The uniformity of pressure response over an area of at 
least 740 acres surrounding George Hailey No. 1, the 
nearest earlier drilled well to Leone Plantation No. 1, 
indicates that adequate drainage of gas from this res- 
ervoir could be accomplished by well spacings consid- 
erably in excess of 320 acres/well. 


SOUTHWEST OAKWOOD 


Again looking at intrafield behavior as individual 
wells are completed, the progressive development of 
the Southwest Oakwood field provides conclusive in- 
dications of the large distances over which gas can 
move within a continuous reservoir. Shortly after dis- 
covery on Sept. 19, 1951, an initial pressure of 2,384 
psi was observed in Humble’s S. W. Oakwood Gas Unit 
1, Well 1. This pressure, 270 psi below the normal 
estimated original pressure at the datum of — 5,519 ft, 
reflected the interfering effects of withdrawals of gas 
from neighboring fields producing from the common 
aquifer. As development of the reservoir proceeded 
from south to north on a 640-acre spacing pattern, 
initial pressures were measured in each well soon af- 
ter completion. The trend of these pressures, shown in 
Fig. 5, exhibits a continuous decline, even though the 
field remained shut in from Sept. 19, 1951, its discov- 
ery date, until Nov., 1954, when gas production was 
initiated for sale. Gas Unit Wells 11, 13 and 14 were 
completed after gas production began. Each of these 
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initial pressures was progressively lower than the pres- 
sure of 2,384 psi measured in the discovery well, and 
the trend of these pressures followed nearly identically 
the trend of the average reservoir pressure decline, both 
during the initial shut-in period and following the open- 
ing of the field to gas production. This behavior indi- 
cates the uniformity of the pressure communication 
throughout the entire reservoir formation and the de- 
gree to which the pressure in remote areas responds 


to withdrawals of gas from earlier drilled portions of — 


the reservoir. 

One specific example of the extent to which drain- 
age can occur in a gas reservoir is seen in the case of 
Southwest Oakwood Gas Unit 14, Well 1, in the ex- 
treme north end of the field. This well was completed 
March 26, 1957, at a distance of 5,700 ft from Gas 
Unit 13, Well 1, the nearest prior drilled well. Two 
months after its completion, Gas Unit 14, Well 1, ex- 
hibited an initial pressure of 2,208 psi, 176 psi below 
the pressure in the discovery well, and almost identical 
to the pressure of 2,214 psi observed in the nearest 
well. It is indicated that the closest well, Gas Unit 13, 
Well 1, was draining quite effectively an area of more 
than 2,300 acres. This in itself is proof of the great 
distances over which gas can move in a continuous 
porous medium and is an indication that the developed 
pattern of 640 acres/well for this reservoir was more 
than sufficient to effect recovery of gas. 

In this field, as well as at Oakwood, the uniformity 
of pressure distribution over the entire structure, both 
in the step-out areas and in the earlier developed areas, 
gives ample testimony to the uniformity of gas recov- 
ery from all parts of the reservoir, whether the field 
is developed on spacings less than 320 acres/well or on 
wider spacings of 640 acres or more. 


CARTHAGE FIELD, LOWER PETTIT FORMATION 


The progressive development of the Lower Pettit 
reservoir of the Carthage gas field, Panola County, 
Tex., supplies an interesting example of intercommuni- 
cation throughout a large productive limestone forma- 
tion as evidenced by subsurface pressures measured 
upon completion of successive wells. The Carthage field 
comprises a structure formed by a broad, low-relief 
nose plunging from the western flank of the Sabine 
uplift. Gas is produced from 10 different reservoirs 
in the field. The major reservoir, Lower Pettit zone, 
was discovered. Dec. 22, 1936, with gas production ob- 
tained from a gray, fossiliferous to crystalline porous 
limestone of Lower Cretaceous age at depths ranging 
from approximately — 5,600 to — 6,300 ft. This res- 
ervoir is continuous over the entire Carthage field and 
covers approximately 280,000 acres. Development pro- 
ceeded with the drilling of gas wells on standard 640- 
acre units with a 10 per cent tolerance. The original 
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reservoir pressure was estimated to be 3,265 psi at the 
datum of — 5,750 ft. 

As the field was developed, initial subsurface pres- 
sures were measured in many of the individual wells 
shortly after completion. Comparisons between initial 
pressures in step-out wells or in later drilled infill lo- 
cations with the original reservoir pressure and with 
pressures observed concurrently in earlier drilled sur- 
rounding wells provide positive evidence of pressure 
communication and the occurrence of gas movement 
over large distances in this limestone formation. Ex- 
amination of such pressure behavior was conducted 
for several areas in the Lower Pettit zone of this field, 
and for various time periods in its development his- 
tory. One such example is cited here as offering typical 
evidence of intrafield communication and the extent 
to which a well will drain gas. 

This example, Fig. 6, comprises a group of six wells 
in the north-central portion of the field. Wells 1 through 
5 were drilled earlier from Oct., 1945, to July, 1948, 
whereas Well 6 was drilled into the interwell area 
in April, 1950, at a distance of 4;300 ft from Well 3, 
the nearest of the surrounding wells. An initial pres- 
sure of 2,717 psi was measured in Well 6 immediately 
following its completion. This pressure was 548 psi be- 
low the estimated original reservoir pressure and only 
about 230 psi above the average pressure of the five 
surrounding wells and the average pressure of the entire 
Lower Pettit zone for that date. It is obvious that drain- 
age had occurred in the reservoir formation surround- 
ing the interspaced well and that the other wells had 
contributed to this interference. It is indicated that 
withdrawal of gas from Well 3, the nearest earlier drilled 
well, had resulted in pressure drawdown over an area 
of more than 1,330 acres. 

From the evidence presented by pressure draw-downs 
at completion of step-out or interspaced wells in the 
Carthage Lower Pettit zone, it is demonstrated that 
drainage has occurred over areas two to three times 
greater than the 640-acre development pattern. It can 
be concluded that the 640-acre well spacing pattern 
here is more than adequate to provide complete drain- 
age and uniform depletion of this gas reserve. 


TRAWICK GAS FIELD 


The Upper Pettit limestone reservoir in the Trawick 
field,» Nacogdoches and Rusk counties, Tex., also pro- 
vides an excellent example of drainage over extremely 
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wide areas in a gas field developed on 640-acre spacing. 
In this reservoir the average formation porosity is 
approximately 20 per cent, and the permeability is 134 
md. The original reservoir pressure at — 7,050 ft was 
3,984 psi. As development proceeded continuously, fol- 
lowing discovery of the field in June, 1949, initial pres- 
sures were measured in each step-out well shortly after — 
completion. It can be seen in Fig. 7 that each of the . 
initial pressures in these step-out wells was substantially 
less than the original reservoir pressure and that these 
initial pressures, at the time of their measurement, 
agreed very well with the declining field average pres- 
sure. The almost identical trend in the progressive de- 
cline in the initial pressures of the step-out wells, com- 
pared with the trend of average reservoir pressure in 
the developed portion of the reservoir, indicates the 
uniform pressure response in previously undrilled por- 
tions of the reservoir to the effects of gas production 
from earlier developed areas. This decline in pressure 
in each step-out area gave positive indication that 
drainage had taken place in that portion of the res- 
ervoir. 


As a specific example, Trawick Gas Unit 53 in the 
extreme northwest corner of the field was completed 
in Jan., 1955, with a measured initial pressure of 3,715 
psi, 269 psi less than the original reservoir pressure and 
essentially identical to the field average pressure on 
that date. Gas- Unit 53 was a step-out well approxi- 
mately 6,500 ft from Gas Unit 47, the nearest pro- 
ducing well. It is indicated that withdrawal of gas from 
Gas Unit 47 resulted in pressure drawdown over an 
area of more than 3,000 acres. These initial pressure 
measurements in development wells at Trawick dem- 
onstrate conclusively that drainage has occurred over 


areas considerably greater than the 640-acre develop- 


ment pattern and that 640-acre well spacing is more 
than adequate to provide complete drainage and uni- 
form depletion of this gas reservoir. 


DETERMINATION OF GAS WELL SPACING 


In the foregoing discussion evidence has been pre- 
sented to show that drainage of gas can occur over 
great distances within a continuous reservoir. Rapid 
establishment of pressure communication and uniform- 
ity of pressure distribution throughout the entire res- 
ervoir, whether in remote portions developed at later 
dates or in earlier developed areas, have indicated the 
uniformity and effectiveness of gas recovery irrespective 
of the spacing employed. It is concluded, then, that 
the recovery of gas is independent of the well spacing— 
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that the distance between wells is not one of the phys- 
ical factors upon which gas recovery is dependent. Al- 
though distance of drainage is not a factor controlling 
ultimate recovery, geometry of the reservoir and loca- 
tion of wells with respect to such geometry are im- 
portant. 

With these conclusions in mind, then, the deter- 
mination of the well-spacing program for a gas reser- 
voir rests primarily upon the following-considerations. 

1. A sufficient number of wells must be drilled to 
provide adequate geologic information concerning struc- 
tural configuration of the reservoir, continuity and 
characteristics of the reservoir rock and their distribu- 
tion, both laterally and vertically, and total amounts of 
gas and water contained in the reservoir. This infor- 
mation may be obtained by coring, logging and testing 
strategically located wells. 

2. Sufficient wells must be drilled to drain the res- 
ervoir under the type of drive operative and to permit 
effective control of the gas recovery mechanism through- 
out the entire process. This function of the well in its 
relation to efficient recovery of natural gas implies a 
geometric dependence, not a physical dependence, of 
recovery on well spacing. For those gas reservoirs op- 
erating under influence of a natural water drive, suffi- 
cient wells properly located and completed must be 
available to maintain adequate control of the displacing 
water and to assure effective flushing of gas from all 
parts of the reservoir. Likewise, in those reservoirs pro- 
ducing gas and natural gas liquids under pressure main- 
tenance by gas injection and cycling, sufficient wells 
must be properly located to control the cycling process 
for maximum hydrocarbon recovery from the entire 
reservoir. 


3. A sufficient number of wells must be provided 
that are physically capable of withdrawing gas at-the 
desired rate of production for the reservoir under the 
available or chosen recovery mechanism. Further, this 
number of wells should be sufficient to produce this 
total volume of gas without incurring inefficient in- 
dividual well performance. 


Once an adequate number of wells has been drilled 
to provide the necessary geologic information, to drain 
the reservoir effectively, and to permit the desired rate 
of withdrawal without inefficient well performance, then 
additional producing wells beyond this minimum num- 
ber are unnecessary to achieve the ultimate gas _recov- 
ery. It is recognized that in many gas reservoirs varia- 
tions in lease ownership and the right cf individual op- 
erators to share proportionately in the field production 
of gas have introduced complicating factors in secur- 
ing a proper spacing program for each field. A sound 
well-spacing pattern, coupled with a sound allocation 
program, is possible through acquisition and _ inter- 
change of knowledge and through cooperative effort 
to eliminate the unnecessary well. 


TECHNICAL EVIDENCE TO SUPPORT 
SPACING REQUEST 


The goal of a sound well-spacing program is (1) 
to obtain adequate information regarding the reservoir 
characteristics and behavior, and (2) to provide a 
minimum number of wells to assure effective control 
of the naturally available or chosen recovery mechanism 
for maximum gas and hydrocarbon liquid recovery. 
Planning such a program requires first that factual data 
necessary for a quantitative evaluation of the proper 
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well spacing for each field be accumulated as early as 
possible. 

Accumulation of technical information sufficient to 
permit sound recommendations for a development pro- 
gram early in the life of a new reservoir is not easy. 
However, the foregoing discussion of drainage and the 
accompanying examples illustrating drainage occur- 
rence in the field have provided clues as to the ap- 
proaches by which evidence may be procured to serve 
as a basis for spacing recommendations. 

Technical evidence to support a well-spacing pro- 
gram for a specific gas reservoir should be directed 
toward determining, first, the continuity of the reser- 
voir rock. Continuity within the reservoir formation 
may be established by two principal types of evidence. 
First of these is geologic evidence which presents the 
geometric configuration of the productive formation, 
the lateral and vertical variations in lithology, and the 
degree of physical continuity of individual productive 
horizons. Studies of continuity should not be limited to 
the reservoir proper, but should also consider sur- 
rounding regional and basin features. 

The second type of evidence to establish continuity 
comprises studies of pressure communication between 
areas or between wells. This information may be in the 
form of observed pressure variations that show inter- 
ference between or among areas. It may also be in 
the form of reduced pressures observed in step-out de- 
velopment wells or in later drilled interspaced wells. To 
obtain this information, accurate subsurface pressure 
measurements must be made in all gas wells imme- 
diately upon completion. Initial pressure measurements 
in development wells, as illustrated in this paper, pro- 
vide ample evidence of reservoir continuity and fluid 
movement and serve as primary arguments for wider 
spacing of natural gas wells. Information regarding a 
well’s producing ability, potential and productivity and 
decline characteristics may also be utilized in inter- 
pretation of pressure data and their implications with 
respect to drainage. 


Another consideration in the planned spacing pro- 
gram involves the number and location of wells re- 
quired to control the recovery process and to produce 
the reservoir at the desired rate of withdrawal without 
sacrifice in the capability of the well itself to produce 
efficiently. This requires data on the properties and be- 
havior of the contained reservoir fluids. With such in- 
formation at hand, it is then important that the naturally 
available reservoir drive be identified early and a deter- 
mination made as to the probable recovery mechanism, 
whether natural or induced, under which the produc- 
tion of natural gas and its associated hydrocarbon 
liquids will be obtained. With the recovery process 
established, determination of the minimum number of 
wells and their location with respect to reservoir geome- 
try to achieve effective control of the recovery mechan- 
ism can be made. 


One further step involves determination of the de- 
sired rate of withdrawal of gas from the reservoir and 
the number of wells necessary to provide this rate of 
withdrawal and yet at the same time maintain each 
well within its capability to produce its share of the 
field allowable efficiently. Productivity factor measure- 
ments obtained by conventional flow tests on individual 
wells give an index to the productive ability of a well. 
Flow tests should be made on the initial well upon its 
completion and on each additional well as development 
proceeds. Interpretation of these data can assist in se- 
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lecting the rate at which an individual well can with- 
draw gas efficiently. 


SUMMARY 


Associated with an improved understanding of the 
fundamental principles underlying reservoir and well 
behavior has been the growth of concepts concerning 
the role of wells and their spacing in the development 
and operation of an oil reservoir. For the natural gas 
reservoir these concepts are no different. They are 
equally applicable in any consideration of well spacing 
in gas reservoirs. Maximum utilization of wells is an 
integral part of sound conservation practices whether 
the wells produce oil or gas. 


In addition to serving as an outlet for production, _ 


the natural gas well has two primary functions, (1) 
providing access to the reservoir to obtain necessary in- 
formation, and (2) serving as the means to control ef- 
fectively the natural or induced recovery mechanism. 
Beyond a minimum number of wells required to ful- 
fill these functions, additional wells will not increase 
recovery. 

Case histories involving interference and drainage ob- 
servable in step-out wells during development or in de- 
layed drilling of interspaced wells have given ample evi- 
dence that gas, as a highly mobile fluid, can move 
throughout an intercommunicating and continuous por- 
ous reservoir over distances far exceeding any spacing 
normally employed in gas fields today. This supports 
the conclusion that a gas well can drain a large area 
effectively in both limestone and sandstone formations. 
Tt would appear prudent during development of the 
new pool to employ wide initial spacing to obtain with 
a minimum number of wells the maximum information 
necessary to determine the final spacing for effective 
control of the recovery. Initial wide spacing should lend 
a flexibility to the development of the gas reservoir 
that would minimize the possibility of drilling unneces- 
sary wells. The savings in energy, material and capital 
by eliminating unnecessary wells will encourage a more 
intensive exploration for and development of new gas 
reserves. In addition, these savings may be utilized in 
more widespread application of conservation projects 
designed to increase the recovery of gaseous and liquid 
hydrocarbons. 


The trend toward wider well spacing in new gas res- 
ervoirs is entirely proper and justifiable on the basis of 
growing technologic evidence. In Texas, for example, 
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the Railroad Commission issued spacing rules on 40 
gas fields during 1957. Twelve, or 30 per cent, of these 
called for 640-acre spacing; 23 fields, or 57.5 per cent, 
were permitted 320-acre spacing; and five fields were 
granted 160-acre spacing. In Mississippi, a statewide 
tule provides a minimum of 320-acre spacing for gas 
wells. 


Technological advances fostered by industry and ap- 
plied to the development and production of our natural 
gas reserves go hand in hand with the evolution of 
sound conservation practices. This program cannot re- 
main static but must continue to keep pace with the 
growth of exploration and production effort in the area 
of natural gas. It would seem plausible at this time to 
examine the permissible spacing rule structure and to 
establish statewide rules that would promote effective, 
development of new gas reserves on initial wide spacing, 
spacing wider than that normally employed in practice 
today. Along with this, it would be appropriate to pro- 
vide a sound allocation of gas allowables designed to 
encourage wider spacing of gas wells rather than to 
penalize it. Jointly, this could go far toward the de- 
velopment of new gas reserves in this area and would 
do much to stimulate a more-effective recovery of this 
vital resource. It would thereby enable the industry to 
meet the increasing demands of the nation with an 
adequate supply of natural gas at lower cost. 


ACKNOWLEDGMENT 


The author wishes to acknowledge the contributions 
of B. M. Sullivan and M. O. Langham of the Humble 
On & Refining Co. who directly assisted in the prepara- 
tion of several of the case histories cited here. The au- 
thor further expresses his appreciation to his associates 
who reviewed the manuscript and whose constructive 
suggestions and counsel were most helpful. 


REFERENCES 


1. Craze, R. C. and Glanville, J. W:: “Plan Your Well Spacing 

Early”, Oil and Gas Jour. mid-year report (July 30, 1956) 

54, No. 65, 216. 

Bruce, G. H., Peaceman, D. W., Rachford, H. H., Jr. and 

Rice, J. D.: “Calculations of Unsteady-State Gas Flow 

Through Porous Media”, Trans..AIME (1953) 198, 79. 

Bell, J. S. and Shepherd, J. Ms: “Pressure Behavior in 

the Woodbine Sand”, Trans. AIME (1951) 192, 19. 

4. Rumble, R. C., Spain, H. H., and Stamm, H. E., [l: “A 
Reservoir Analyzer Study of the Woodbine Basin”, Trans. 
AIME (195T) 192, 331. 


vo 


219 


1. P8030 


Reservoir Analysis for Pressure Maintenance Operations 
Based on Complete Segregation of Mobile Fluids 


JOHN C. MARTIN 
MEMBER AIME 


ABSTRACT 


A brief review is presented of the past performance 
of a number of large, thin, highly permeable reservoirs 
with low dips in the Bolivar Coastal fields of Venezuela. 
The performance of these reservoirs indicates that the 
fluids are segregated vertically within the sand section 
by gravity. With this assumption, equations are devel- 
oped which describe the performance under pressure 
maintenance operations. Methods of solving these equa- 
tions and results of simple example calculations are 
presented. 


Example calculations indicate that under pressure 
maintenance conditions injected gas tends to flow pre- 
ferentially along the top of the sands and that encroach- 
ing water has a tendency to flow preferentially along 
the bottom. The expected performance of segregated 
fluids is discussed and compared with that of fluids 
which are uniformly distributed in any sand section. 


INTRODUCTION 


The field performance of a number of reservoirs 
described herein indicates that the fluids are segregated 
vertically within the sand section by the~-force of 
gravity. Thus, it was felt that any method used to 
predict the future performance of these reservoirs 
should consider the effects of segregation in the sand 
sections. A study of the available information on some 
of the reservoirs suggests that increased recoveries may 
be expected if the reservoir pressure is maintained by 
either crestal gas injection or flank water injection. 


To predict future performance of reservoirs under 
pressure maintenance operations, a method of analysis 
was needed which would account for segregation of 
fluids in the sand sections. Several methods of analysis 
have been developed to take into account the segrega- 
tion of fluids in the reservoir as a whole.’ To our 
knowledge no method considers segregation of the 
fluids within sand sections in the manner indicated by 
the past performance of several reservoirs in the Mara- 
caibo Basin. This paper outlines part of the work done 
in studying some of these reservoirs and contains a de- 
scription of their performance characteristics. The an- 
alysis presented is restricted to pressure maintenance 
conditions, since space limitations prevent a full discus- 
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sion of the development of the mathematical relations 
and the various methods of solving them. Only a sketch 
of the development of the mathematical relations is 
given. The various methods of solving these relations 
are pointed out, but the actual determination of solu- 
tions to various problems are omitted except for one 
example. It is felt that these results may aid in the study 
of reservoirs outside the Maracaibo Basin. 

Some concepts on which the present analysis is based 
are outlined by D. N. Dietz.’ However, the analysis pre- 
sented herein includes several factors not considered 
by Dietz: (1) variations in permeability and in the 
cross section, (2) various shapes of the cross section, 
and (3) the production of fluids. Also, the mathe- 
matical development presented by Dietz differs con- 
siderably from our corresponding analysis. 


RESERVOIR CHARACTERISTICS 


The reservoirs under consideration, large and thin, 
with low dip and high permeability, are large to the 
extent that they contain from 0.5 to over four billion 
bbl of oil initially in place. The section thicknesses vary 
from 100 to 400 ft and the lengths from 10,000 to 
40,000 ft. Thus, a length-wise cross section of the pro- 
ducing formation appears to be long and thin. The dip 
angles vary from 0 to 6 degrees and the average per- 
meabilities vary from 0.5 to over three darcies. The 
reservoirs contain from 20 to 50 per cent shale inter- 
laminated with the productive sands. Most shale breaks 
within the major sands do not correlate from one well 
to the next, and correlation is often difficult, even be- 
tween wells drilled from the same location. However, 
it is often possible to correlate the shale breaks between 
major sands for some distance. 


Herein we are concerned with the performance of 
reservoirs containing oil of gravities over 20° API. 
Past reservoir performance indicates good pressure com- 
munication and, in cases where pressure sinks have 
developed, large amounts of fluid migration have oc- 
curred. Few of the reservoirs have had initial gas caps, 
but also, few have been found to be highly under- 
saturated. Due. to gravity segregation, secondary gas 
caps usually form before the pressure has been reduced 
more than 25 per cent of its initial value. The effect of 
gravity has not only been apparent on a reservoir-wide 
basis, but has also caused segregation of the reservoir 
fluids in productive sections. Proof of this is found 
from the results of selective well tests, workovers, and 
electric and various other types of logs. Evidence that 
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the indicated segregation can take place within relatively 
short times was found from theoretical calculations.‘ 
Further insight into the characteristics of these reser- 
voirs can be obtained by considering the performance of 
crest wells, which are usually completed with the 
entire producing section open to production. With the 
formation of a secondary gas cap, a high GOR develops 
which can be reduced by shutting off the upper sands. 
It is not uncommon to reduce the GOR from 2,000 to 
400 ft*/bbl. Calculations indicate that if there were no 
shale breaks, the GOR could not be effectively con- 
trolled by shutting off the upper sands. Thus, the shale 
breaks cover sufficient areas to prevent gas coning. The 
GOR after a gas shut-off workover is often consider- 
ably lower than one would expect if it is assumed that 


the gas does not segregate to the top of the section. 


Thus, there are indications that even at the crest of the 
structure the gas segregates to the top of the producing 
interval. This is in spite of the many shale breaks 
present. 

Certain reservoirs have partial water drives. There is 
strong evidence that the water tends to flow along the 
bottom of the reservoir and in most cases it is possible 
to reduce the WOR of a well by shutting off the lower 
sands. 

The over-all field performances indicate that the 
shale breaks extend over sufficiently large areas to 
remove much of the harmful effects of gas and water 
coning, while at the same time their areal extent is 
sufficiently limited so that the fluids can segregate under 
the force of gravity. 


LIMITATIONS AND ASSUMPTIONS IN 
CALCULATING RESERVOIR PERFORMANCE 
DURING PRESSURE MAINTENANCE 
OPERATIONS 


The analysis is limited to reservoirs which have the 
same characteristics as those described in the preceding 
section. In addition, the following assumptions are made. 

1. The fluids are segregated by the force of gravity 
and only one phase is free to flow at any point. Thus, 
below the water-oil contact only water is free to flow 
and above the gas-oil contact only gas is free to flow. 

2. The reservoir pressure is maintained and all fluid 
characteristics can be considered constant. 

3. The total withdrawals in reservoir volumes are 
equal at all times to the sum of the fluid injection and 
water influx. 

4. The effects of capillarity can be neglected. Thus, 
the transition zones from water to oil and from oil to 
gas are neglected. 

5. The effects of the wells are neglected to the extent 
that the production is taken directly out of each ele- 
mental volume. 

6. The permeability of the sands is assumed to be 
constant in the horizontal direction perpendicular to 
the direction of flow. 

7. The velocities of the flows in the vertical direction 
are very small compared to the velocities of the flows 
along the axis of the reservoir. 

8. The dip angles and the slopes of the contact 
between the fluids are small. 


RESERVOIR EQUATIONS 


The reservoir equations employed herein are based on 
relations governing the average velocity of flow of each 
phase and the equations of continuity, The equations 
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which contain 


governing the average velocity of flow of each phase 
are: 


(ep, a(H — Hs.) 


Egs. la and 1b are very similar to Darcy’s law. The — 
average permeability functions are analogous to the 
effective permeabilities in that they can be expressed 
as functions of s,, and the effective permeabilities can 
be expressed as functions of the saturation of one 


phase. Plots of the functions, k, and k,, do not generally 
have the same shape as the effective permeabilities. Fig. 
1 presents the variations of k, and k, with s, for three 
different permeability distributions for rectangular cross 
sections. Curve A corresponds to a sand section with 
a uniform permeability. Curve B is associated with a 
sand section in which the upper half has twice the 
permeability of the lower half, and Curve C is asso- 
ciated with a sand section where the reverse of Curve 


B is true. The permeability functions, k, and k,, are 
dependent on the shape of the cross section as well as 
the permeability variations perpendicular to the bedding 
planes and in the direction of flow. Thus, the per- 
meability functions for a rectangular cross section has 
a different shape than that for a circular cross section, 
and the permeability function can be functions of x. 
Eqs. la and 1b contain the pressure along the 
contact between the two phases, while in Darcy’s law, 
the pressure is associated with the point under con- 
sideration. By utilizing a mean pressure, Darcy’s law 
can be written so that the capillary effects introduce 
terms somewhat analogous to those in Eqs. la and 1b 
5 
— - It should be noted that 
0(H — Hs,) 
Ox 


are a result of the change in the contact between the 

two fluids with distance and the change in H with 

distance and are not a result of capillary effects. 
The equations of continuity can be expressed:* 


the terms containing in Eqs. la and 1b 


(Ave) 4 84 _ _ OS. 

3 

qa 

R 


and 


By knowing the rates of production of Phases a and 
b, Eq. 3 can be evaluated. Thus, v will be considered 
as a known function of x and ¢. Since S, is a function 
of s, and x, Eqs. 1 through 4 constitute five equations 
containing five dependent variables and two independent 
variables. The dependent variables are v., Vv», V, Dur 
and s,, while the independent variables are x and tf. 
Variables v,, v, and p,, can be eliminated from the 
relations given by Eqs. 1 through 4. The resulting rela- 
tion expressed in non-dimensional form is 


OX A,v, A, | aL ax 
A;V; ox A; Otp 


“The derivation of Eqs. la, 1b, 2 and 3 is given in Appendix A. 
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Since vy is a known function of X and tp, Eq. 5 is a 


partial differential equation containing one unknown, 5.. 
Eq. 5 places no restrictions on the ratio in which the 
two phases are produced. We shall investigate the result 
of assuming that the entire section is open to production 
and that. draw-downs of the wells are very small. 
The presence of the wellbores is neglected and flow 
is assumed to be in one direction only. In considering 
the ratio of the produced fluids, we shall not neglect the 
wellbores and shall assume that the flow remains in one 
direction except near the wells into which the fluid is 


drawn. Based on these assumptions, the ratio of Phase 


b to Phase a drawn into the wellbores is 


<a 
In deriving equations of continuity, the production 
was assumed to be distributed so that it was taken 
directly from each elemental volume. Thus, the rate of 
change of production with distance can be determined 
and the ratio of the rate of production of Phase b to 


the rate of total fluid production at any point is 


ox R, 
OG) 


From Eqs. 6 and 25 the following relation can. be 
obtained. 


0d. 


ee Eq. 7 into Eq. 5 and simplifying, yields 


1 0(H — Hs.) 
A.v,\ Os. OX Ox OX 


A 0S, 


Eq. & represents a simplification of Eq. 5 for the case 
where the entire section is open to production. 


Eqs. 5 and 8 are non-linear, second-order, partial 
differential equations—generally very difficult to solve. 
Fortunately, a number of solutions of these equations 
can be obtained which are useful in reservoir analyses 
and in the study of the general behavior of segregated 
flows. 


In certain cases it is possible to obtain exact sdiu- 
tions of Eq. 5 where the contact between the two 
phases is independent of time or where it is character- 
ized by an arbitrary shape which travels with a con- 
stant velocity. In other cases, the first and second 
derivatives of s, with X are sufficiently small so that 

aL OX 
multiplying G can be neglected. For these cases, Eqs. 
5 and 8 can be approximated by 


(1 —s,)H’. 
a 


the contribution of the term, , in the factor 


dX ) A; L 
ERS, 
Aiv, A; Otp 
AV 
OF as, 0 j{AB[(1 —s,)H 
A; V; OS, OX ox | A; aL 
A 0s 
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Fortunately, Eqs. 9 and 10 can be used to obtain ap- 


tw 
to 


proximate solutions to a number of practical prob- 
lems. 

Eqs. 9 and 10 are first-order, linear, partial differen- 
tial equations. Solutions of these equations can be 
obtained by evaluating the following systems of sub- 
sidiary, ordinary differential equations.”’ For Eq. OF 

dX 


F Av) 1 aq 


11 
(1 = ABG — )ABG 
For Eq. 10: 
dx 
Av ABH’G , AB (GE el 0G 
A,V, aLA,; A; aL OS. 
dtp ase 
Ay aL 


dA\ (1—s,)ABG dad [H’ 


Eqs. 11 and 12 can be evaluated numerically or gra- 
phically, and in certain cases they can be integrated 
analytically. In evaluating these equations numerically 
or graphically, we have found that in many cases the 
calculations can be reduced considerably by introducing 
the boundary conditions along with the integration. 


The solution of Eq. 11 can often be used to deter- 
. . 0 a . 
mine a first approximation to the term, —, in Eq. 5. For 


these cases a second approximation to the solution of 
Eq. 5 can be determined as follows. Substitute the ex- 


OS. 
pression for =< obtained from the solution of Eq. 11 


into Eq. 5. The resulting equation is a first-order, linear, 
partial differential equation which can be reduced to 
a system of ordinary differential equations in the same 
manner as Eqs. 9 and 10 were reduced to Eqs. 11 and 
12. The solution of the system of ordinary differential 
equations yields a second approximation to the solu- 
tion of Eq. 5. This process can be repeated to obtain 
successively higher approximations to the solutions of 
Eq. 5. It is, of course, necessary to use the highest ap- 


proximation to determine the expression for , which 


is substituted into Eq. 5. 

The same procedure is followed when Eq. 12 is 
used to obtain iterative solutions of Eq. 8. The au- 
thor has not investigated the range of convergence of 
this iterative prccess except by calculating a few ex- 
amples. In these examples the process appears to con- 

verge satisfactorily provided aX is not large. 


Unfortunately, proper application of the preceding 
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equations requires a certain amount of mathematical 
background together with an understanding of the phys- 
ics involved. This is especially true in using Eqs. 11 
and 12. In many cases, the proper interpretation of the 
results obtained from Eqs. 11 and 12 requires that 
discontinuities be introduced which are based on phys- 
ical considerations. 


SIMPLE EXAMPLES 


To illustrate some characteristics of segregated flow, 
a few examples are considered. The first example con- 
cerns a sand with a rectangular cross section and 
with uniform thickness, dip angle, and permeability. A 
constant rate of flow of Phase 6 into the upper end 


displaces Phase a from the sand. We shall consider _ 
only flows which are characterized by a fluid contact 


which travels with a constant velocity and does not 
change its shape with time. The derivation of the equa- 
tion governing this flow is presented in Appendix B, and 
the solution is 


Jin V 
(13) 
Eq. 13 represenis a tlted fluid contact which varies 
linearly with x and fp, and moves with a non-dimen- 
sional velocity equal to one. The slope of the fluid con- 
tact is a constant and is equal to 


ak, (Sar) 8( = Po) 

[ly V 
Eq. 14 indicates that the slope of the fluid contact is a 
function of the mobility of the two fluids, the dip an- 
gle, the difference in density between the two fluids, 
and the velocity, v. For v = 0 the slope is horizontal. 
For cases where the mobility of Phase b, at points above 
the fluid contact, is greater than the mobility of Phase 
a below the fluid contact, the slope of the fluid contact 
decreases as v increases. For cases where [Meso Wine 
k,(S;,)/f., the slope of the fluid contact increases as v 
increases. The value of v at which the slope of the 

fluid contact is zero is 


Bo 


The value of v given by Eq. 15 is equal to the so-called 
critical velocity which has been discussed by several 
authors.”*” 

For values of v above the critical velocity, the slope 
of the fluid contact is negative and Eq. 13 represents 
the condition where Phase a is displacing Phase b in 
the down-dip direction. Since the development was car- 
ried out on a general basis it appears there is no quasi- 
steady-state solution of the form characterized by Eq. 
27 for values of v greater than the critical value where 
Phase b displaces Phase a. Thus, for v > v., the shape 
of the fluid contact must be an ever-changing function 
of time. 

Dietz’ discussed the critical velocity and concluded 
that at the critical velocity the fluid contact will remain 
horizontal provided it is horizontal initially. The analysis 
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presented in Appendix B does not support this con- 
tention since there appears to be no solution of Eq. 
5 of the form required. Based on Eq. 13 one would 


OSa 
expect aie to approach a constant value greater than 


zero for v < y,. A flow of this nature appears to be 
what occurred in the results of model tests presented 
in Fig. la of Ref. 3. In this case Phase a displaced 
Phase 6 in the up-dip direction. 

The second example concerns a reservoir with a uni- 
form permeability in which gas is injected at the top. 
{nitially there is a tilted gas-oil contact and at tp = 0, 
gas is injected into the upper boundary at a constant 
rate. The production of fluids is distributed uniformly 
over the reservoir and the ratio of gas to total fluid pro- 
duction is given by Eq. 6. The various parameters are 
given in Table 1 and the results are presented in Fig. 
2a. These results indicate a tendency for the gas to 
move along the top of the sand. The lines represent 
the gas-oil contact obtained by solving Eq. 12. In the 
small region where the slope of the gas-oil contact is 
large, Eq. 12 does not yield representative results be- 
cause the term which was assumed to be small cannot 
be neglected in this region. The gas-oil contact in this 
small region shown in Fig. 2a was estimated from a 
study of Eq. 5. 

The rapid movement of the gas along the top of the 
reservoir is characteristic of the flow obtained in cases 
where the fluids are segregated and the mobility of the 
driving phase is much greater than that of the driven 
phase. Due to the high mobility of the gas, the-pres- 
sure gradients in the reservoir are reduced sharply as 
the upper sands are gassed out. As a result of the pro- 
duction of the reservoir fluids throughout the reservoir, 
the viscous or applied pressure gradients are gradually 
reduced in the down-dip direction. The movement of 
the gas along the top of the sands continues until the 
applied pressure gradient is approximately balanced 
by the gravitational pressure gradient in the dip-wise 
direction. 


The general pene indicated by Fig. 2a has been 
observed in small sand models. Unfortunately, suffi- 
cient data are not yet available for a given flow in a 
model to allow a quantitative comparison to be made 
between the theory and the model flow. 

In certain pilot operations” where a gas or a low- 
density liquid has been injected, there is evidence that 
the low-density fluids moved through the upper sands 
only. In certain cases there is also evidence that the 
upper sands are not the most permeable. We have not 
yet investigated this matter in detail, however, there ap- 
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TABLE 1—RESERVOIR PROPERTIES USED IN EXAMPLES 


Symbol Fig..2 Fig. 3 

L 10,000 ft — 

H 100 ft — 

a 6 degrees 0 degrees 
ig .0250 cp 

4.12 cp 2.22 cp 
bw .337 cp .50 cp 
gPo psi/ft — 

.039  psi/ft — 

9Pw psi/ft 
-kg(Sor)/ko(Sgr) 1.00 — 
ko(Swr)/(Sor) 1.78 1.78 

vi .30 ft/day 


pears to be some indication that segregated flows some- 
times occur even in closely spaced pilots. 

In the third example, the reservoir has a uniform 
permeability and water is injected at the bottom at a 
constant rate. Initially there is a tilted water-oil contact, 
and the production of the fluids is distributed uniformly 
over the reservoir. The ratio of the oil produced to the 
total fluid produced is given by Eq. 6. The various 
parameters are given in Table 1 and the results, based 
on Eq. 12, are presented in Fig. 2b. These results in- 
dicate a tendency for the water to flow along the bot- 
tom of the reservoir. The rapid movement of the water 
through the lower portion of the sand continues until 
the applied pressure gradient is approximately balanced 
by the gravitational pressure gradient. In the region 
where the slopes of the water-oil contact are large, Eq. 
12 does not yield representative results. In this small 
region, the shape of the water-oil contact was estimated 
from a study of Eq. 5. 

In the fourth example, we shall consider a linear res- 
ervoir in which water is injected in one end and fluids 
are produced from the other. The upper half of the res- 
ervoir has a permeability one-half that of the lower 
half. The values of the various parameters are given in 
Table 1, and the results (based on Eq. 11) are pre- 
sented in Fig. 3a. The results indicate that the tendency 
of the water to move along the lower portion of the 
sand is increased if the lower sands have a higher per- 
meability than the upper sands. The finger of water 
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which runs along the bottom of the lower sand is 
thicker in Fig. 3a than in Fig. 2b. This is due mainly 
to the different viscosities used in the two examples. 


The fifth example is based on the same conditions 
as the fourth except that the upper half of the sand 
has twice the permeability of the lower. The movement 
of the water-oil contact is presented in Fig. 3b. These 
results were calculated from Eq. 11 and indicate a 
tendency for the water to flow along the bottom of 
the sand with the higher permeability. The results pre- 
sented in Ref. 12 indicate that in some cases this is 
true. In several of our experiments, the water-oil con- 
tact assumed a shape similar to the dotted lines in Fig. 
3b. Thus, it appears that at least both types of flow 
illustrated in Fig. 3b are possible, depending on the par- 
ticular conditions. 


In addition to Ref. 12 some experimental work on 
the effects of gravity on water flooding has been re- 
ported.” The results presented in Ref. 13 indicate that 
no appreciable effect of segregation was present in the 
tests. In view of the range of variables investigated, 
this is not surprising. The results presented in Ref. 14 
indicate a considerable effect of gravity on the test 
results. 


RESERVOIR ANALYSIS 


The equations presented herein can be used in con- 
junction with other relations to predict the future per- 
formance of reservoirs under pressure maintenance op- 
erations. There are a number of methods by which this 
can be accomplished. We have used the method out- 
lined here in calculations involving pressure maintenance 
by gas injection and by flank flood. The equations 
presented in the preceding sections can be used to pre- 
dict the movements of the gas-oil and the water-oil 
contacts providing the various parameters are known 
and the flow is essentially along one axis. The parameters 
require a knowledge of the total withdrawal and the 
ratios at which the fluids are produced. 


The total volume of fluid injected is determined by 
either the maximum producing capacity of the reser- 
voir or a fixed production schedule. The ratios at which 
the fluids are produced should be based on the past 
performance of the reservoir and the position of the 
fluid contacts. Our results indicate that in certain cases 
the presence of shale lenses reduces the amount of gas 
and water coning to the extent that the ratios at which 
the fluids are produced can be predicted by neglecting 
coning. 

To reduce the mathematics involved, the reservoir 
is broken down into a number of radial blocks as shown 
in Fig. 4. The rate of production is assumed to remain 
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constant over a fixed time period. The following proce- 
dure is used to determine the performance during a 
time period. 

1. Estimates of the fluid productions during the time 
period are based on the position of the fluid contacts, 
the characteristics and number of wells, and results 
of previous time period calculations. 

2. The total velocity, v, is calculated based on the 
estimated fluid productions. 

3. The movements of the fluid contacts during the 
time period are calculated using Eq. 11 and/or Eq. 12. 
In regions where the slopes of the fluid contacts are not 
small, the slopes of the contacts are estimated based 
on a study of Eq. 5. This study may include steady- 
state, quasi-steady-state, or iterative solutions. For- 
tunately, in many cases, the region where the shape of 
the contact of the fluid must be estimated is only a 
small portion of the reservoir. Thus, in these cases only 
minor errors are usually introduced in the over-all per- 
formance. 

4. The results of the calculated movements of the 
fluid contacts are used to determine the productions of 
the fluids during the time period. If these productions 
agree with the productions estimated in Step 1, the 
process is complete. If they are not in agreement the 
entire process is repeated until agreement is reached. 
The author has found that in many cases the agreement 
between estimated and calculated productions is ob- 
tained on the first trial. 

A more elegant method than that just outlined is to 


treat v as being a function of s,, x and ft, and solve 
Eqs. 9 or 10 over the entire reservoir or over the in- 
“dividual blocks. In this case Eqs. 9 or 10 can be re- 
duced to a system of ordinary differential equations 
similar to Eqs. 11 and 12. In this method the number 
of wells and their characteristics must be included in 


the relation for vy, and it is not necessary to divide the 
time into incremental periods. 


TYPES OF PERFORMANCE 


The examples presented in Figs. 2 and 3 illustrate 
some characteristics of segregated flow. The tendency 
for the gas to move along the upper sands of the res- 
ervoir can make pressure maintenance by gas injection 
unattractive in cases where there are no shale breaks to 
reduce coning, or in cases where the productien from 
the upper sands cannot be shut-off. In cases where 
the production from various sands can be controlled by 
workovers, pressure maintenance by gas injection can 
sometimes offer a very attractive means of increasing 
the oil recovery. 

The results presented in Fig. 2a are based on the 
assumption that the entire sand section is open to pro- 
duction. In this case, the gas-oil ratios of the wells in 
the upper portion of the reservoir are extremely high, 
and appreciable oil recovery is only obtained by cycling 
very large amounts of gas. In case it is possible to 
shut-off production from the sands at the top of the 
section, much less gas is required, and the thickness of 
the gassed-out top sand increases much more rapidly 
than is indicated in Fig. 2a. 

If it is assumed that the fluids are not segregated by 
gravity in the sections, a different type performance 
under pressure maintenance by gas injection is obtained. 
For a reservoir with uniform permeability there would 
be little advantage in shutting off particular portions of 
the sands since all would produce at approximately the 
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same GOR. In regions where the applied pressure is 
greater than the gravitational pressure, the GOR of 
any given well would increase continuously after the 
initial gas front has passed. 

From case studies it appears that the calculated move- 
ment of gas along the reservoir top is considerably fas- 
ter in a reservoir with segregated flow than movement 
of the initial gas front in the same reservoir if it is as- 
sumed that the fluids are uniformly distributed through- 
out the sand in any given section. The calculated per- 
formance of a reservoir, under the assumption that the 
fluids are segregated, can be more or less favorable 
than the calculated performance of the same reservoir 
under the assumption that the fluids are uniformly dis- 
tributed in each section. This performance depends to 
a large extent upon the ability to shut-off the gassed- 
out sands. 

The calculated performances for pressure maintenance 
by flank water injection are somewhat similar to those 
calculated for gas injection, providing the mobility of 
the water in the watered-out sands is considerably larger 
than that of the oil above the water-oil contact. In one 
case it was found that the water flowing along the bot- 
tom of the reservoir greatly reduced the pressure gradi- 
ents within the reservoir; this provided favorable pres- 
sure communication. 


CONCLUSIONS 


1. The past performance of certain reservoirs in the 
Maracaibo Basin indicates that the fluids are segre- 
gated in the sands. 


2. It has been possible to develop a theory which can 
be used as a basis for predicting future performance 
of reservoirs and which takes into account the segrega- 
tion of the fluids in the sands. 

3. The general flow patterns predicted by the methods 
presented herein are often quite different from that pre- 
dicted by theories based on the assumption that the 
fluids are uniformly distributed in the sands. 

4. While the results of the theory presented herein 
are in qualitative agreement with observed flows, much 
work remains to be done before the range of appli- 
cability is well defined. 


NOMENCLATURE* 


ke (Sor) 8 (Pa — pr) 


B 


*See AIME Symbols List in Trans. AIME (1956) 207, 368, for other 
symbol definitions. 
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k,(S.,) 

F’, G’ = the partial derivative of F and G, respectively, 
with respect to x assuming s, is independent 
of x 

dH 


k, = average permeability in section to Phase a 

k, = average permeability in section to Phase 5 

L = length of reservoir 

R, = the ratio of Phase b to Phase a 

S, = average saturation of Phase a at any point 
along the x axis 

S, = average saturation of Phase 5 at any point 
along the x axis 


S,, = residual saturation of Phase a above the fluid 
contact 

S,, = residual saturation of Phase b below the fluid 
contact 


s, = fraction of section occupied chiefly by Phase a 
s, = fraction of section occupied chiefly by Phase b 
v = average velocity in section 
x 
xX, y, Z = coordinate axes (see Fig. 5) 
Z1 Z. = limits of integration (see Fig. 5) 
a = dip angle 
= average porosity in section 


SUBSCRIPTS 
a = Phase a 
b = Phase b 
ab = refers to conditions along the contact of the two 
phases. 
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APPENDIX A 


The basic reservoir equations are derived with two 
types of relations being considered: (1) relations gov- 
erning the average flow of each phase and(2) equations 
of continuity. The two phases are denoted by Phase 
a and Phase b, with Phase b being the lighter of the 
two. 

The vertical velocities have been assumed small while 
the vertical permeability has not been assumed small. 
Thus, from Darcy’s law for small dip angles, 


ODa 

ap» 
oy 


The following results can be obtained by integrating 
Eqs. 16a and 16b. 
The coordinate axes are shown in Fig. 5. The velocity 
of the flow in the x direction at any point below the 
contact of the two phases is 


[has 
Similarly, the velocity of the flow in the x direction at 
any point above the contact of the two phases is 


Ox 
The following results can be obtained by substituting 
Eqs. 17a and 17b into Eqs. 18 and 19, integrating the 
resulting relations over the cross section and dividing 
by A. 


0(Hs,) [ k, 
(20b) 


Eqs. 20a and 20b are the same as Eqs. la and 1b ex- 
cept that 1 — s, replaces s;. 
For cross sections such as illustrated in Fig. 5b 


the permeability functions, k, and k,, can be expressed 
as 


H 


A 
H (1-82) 
and 
yk 


These expressions indicate that for any given flow, kK, 
and k, can be expressed as functions of only s, and x. 

The equations of continuity are found by equating 
the rate of change of saturation with time in an ele- 
mental volume to the rate of flow into the elemental 
volume. The elemental volume is the volume between 
any two positions along the x axis separated by an 
elemental distance, Ax (see Fig. 6). The change in the 
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Fic. 6—ELementaL VoLume ror RECTANGULAR 
H Cross Sections. 
of s, and x for any given flow. 
4 xen From the definition of s,,5,,5, and 5S, the following 
he relations can be obtained: 
Fic. 5—Coorpinate Axes. 
amount of Phase a in the elemental volume ne a The result of adding Eqs. 21 and 224 18 
small increment of time, At is a(Av) = 
(=) AG AxAt 
Ot The result of Eq. with respect to x is 


_ The preceding expression must equal the difference i 
between what flows into and out of the elemental vol- Fie Ai; 
ume during the time, Ar. In evaluating this difference, A 
we must consider not only the volume of Phase a that 
flows through the two faces, but also the amount of ; 
production of Phase a during time, At. Taking these APPENDIX B 
differences into account, the net flow into the elemental 
volume during time, At, is 


The derivation of Eq. 13 is given, and the type of 
flow under consideration can be characterized by the 


(=. OV, ax) (4 0A following expression: 
AxAt = + where is an unknown function of X — tp which is to 
Ox ox be determined. 
“The result of equating the two preceding expressions For the conditions of this problem Eq. 5 reduces to 
is 
H 0s, OSa 
= |F - — 1} =—-—. . (28 
ox ot The following relation can be obtained by substituting 
The equation of continuity for Phase a is Eq, 21. In Eq. 27 into Eq. 28 and integrating the resulting relation. 
a manner similar to that used in deriving the preceding eo 
equation, the equation of continuity for Phase b is Ee G 
ax ox at (29) 
The average saturations at any point on the x axis 
are expressed by where a, and a, are constants of integration. 
1 ( In this example the function, s,, varies from zero to 
= S.da , one since Phase completely displaces Phase a except 
eo for the immobile residual saturation of Phase a. Thus, 


and for sections up dip of the fluid contact, v.=s. = 0, 
5, | . and v, =v. Similarly, for sections down div of the fluid 

7 : contact, v, = s, = 0, and v, = v. Under these condi- 
For cross sections as illustrated in Fig. 5b the preceding tions the constant a, is zero and Eq. 29 reduces to 
expressions may be reduced to 

1 A relation similar to 30 can ‘Be for the 
oA E cases where v is negative and Phase a displaces Phase 

@ b. The types of flows are very similar to those given 
Thus, the saturation functions, 5, and S,, are functions by Eq. 30. kk 
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Recent literature shows that pronounced increases in 
oil recovery can result from the use of miscible systems 
in recovery operations. This literature also points out 
certain problems associated with maintaining miscibility, 
e.g., compositional changes resulting from alterations 
in pressure and temperature or from zone dilution. 
The purpose of the work described in this paper was 
to study miscible zones for possible use in waterflooding 
operations and examine the manner in which these 
zones break down. The fluid system selected for study 
was oil—tertiary-butyl alcohol—water, which, because 
of its narrow range of: miscibility, is ideally suited for 
investigation in short, linear systems. 

The laboratory-observed effects on oil recovery and 
zone stability of a number of variables are reported. 
Among the variables investigated were miscible zone 
size, viscosity ratio, length of travel, and interstitial 
water saturation. 

Results obtained with this system show that inter- 
stitial water adversely affects recoveries because of 
premature phase break. Salinity of the water further 
aggravates this situation. This effect, although pro- 
nounced for this system, would probably occur in any 
fluid system containing an alcohol. As expected, vis- 
cosity ratio has a decided influence on recovery effi- 
ciency and zone stability. The results also show that 
use of a sufficient zone size, even though the system 
has poor phase characteristics, yields higher oil recov- 
eries than are obtained from straight water floods. 
Length-of-travel studies showed a square root relation- 
ship between zone growth and path length for favorable 
viscosity ratios. No such clear-cut dependence was ob- 
served under unfavorable viscosity conditions. 


EN TR 


As new oil reserves have become increasingly more 
difficult and expensive to find and develop, the oil in- 
dustry has devoted more and more time and money to 
finding more efficient methods for exploiting known 
reserves. The increasing number of water floods is one 
manifestation of this attempt to improve oil recoveries 
from existing fields. Since considerable quantities of 
oil are by-passed by the waterflood process, it is only a 
partial answer to the problem. The search continues. 


Original manuscript received in Society of Petroleum Engineers 
office Aug. 7, 1957. Revised manuscript received June 12, 1958. Paper 
presented at 32nd Annual Fall Meeting of Society of Petroleum 
Engineers in Dallas, Tex., Oct. 6-9, 1957. 
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Of late, several proposed processes have received 
the critical attention of investigators. Among them are 
gas drives, in situ thermal reactions and miscible dis- 
placements. The present paper is concerned with mis- 
cible displacements in conjunction with water floods. 

Recent literature’ reports that, under proper condi- 
tions, oil recoveries from LPG floods, propane sweeps, 
condensing gas drives, etc., approach 100 per cent of 
the oil in place in the region contacted by the flood. 
This literature also points out some of the problems 
associated with these processes, one of the main ones 
being the maintaining of miscibility. Compositional 
changes resulting from pressure and temperature varia- 
tions or from zone dilution give rise to phase breaks 
and loss of miscibility, the conclusion being that, after 
loss of miscibility, much of the beneficial influence of 
the zone is lost.’ The results of the subject work show 
that, if sufficient zone material exists ahead of a phase 
interface, considerable improvement in oil recovery 
can be obtained. 

In order to increase our understanding of the be- 
havior of miscible systems as they degenerate into 
immiscible processes, a laboratory system having rapid 
deterioration characteristics was needed. The fluid 
system oil—tertiary-butyl alcohol (TBA)—water pos- 
sesses these properties and was the system investigated. 

Although these fluids are different from those gen- 
erally employed in miscible studies, an understanding 
of their behavior can be applied to other miscible slug 
processes. However, under conditions where mass trans- 
fer maintains a miscible system through multiple con- 
tacts, e.g., enriched gas drive or high pressure gas 
drive, the observed behavior of alcohol zones would not 
be applicable. 


The variables of interest were zone size, viscosity 
ratio, length of travel, initial water sattiration, rate 
and core characteristics. Of these, only the effects 
of the following on zone breakdown and oil recovery 
are reported in detail: (1) zone size, (2) path length, 
and (3) initial water saturation. The effects of viscosity 
ratio and core characteristics are discussed in conjunc- 
tion with other variables. Although initial water satura- 
tion is not envisioned as important to the phase be- 
havior of hydrocarbon systems, e.g., LPG, it is impor- 
tant in alcohol systems. 

The properties of the fluids and cores used are given 
in Table 1. As previously stated, this fluid system was 
selected because of the limited range of miscibility 


*References given at end of paper. 
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of the three components. Although the oil and TBA 
and the TBA and distilled water are miscible in all 
proportions, a mixture of the three requires high con- 
centrations of TBA to insure complete miscibility. 


To increase the viscosity of the water, cane sugar 
was added. The presence of sugar alters the phase 
properties from those of pure water. At low concen- 
trations of sugar solution and high concentrations of 
TBA, solid sugar is precipitated. As the concentration 
of sugar solution is increased, a point is finally reached 
at which the TBA and sugar solution become immis- 
cible. The precipitated sugar then redissolves in the 
lower or aqueous layer. When the water concentra- 
tion becomes sufficiently large, a region of limited solu- 
bility is again encountered. Fig. 1 illustrates these 


various aspects of the phase behavior for the fluid com- 


binations used in the study. The phase diagram for 
a light Frio crude with distilled water is also shown 
for comparison. The presence of salt in the water 
causes further reductions in miscibility. This limited 
miscibility made possible the use of short, linear cores, 
since long travel paths were not necessary to obtain 
and observe zone breakdown. 


EXPERIMENTAL 


The several phases of the experimental program 
discussed herein were carried out by conducting vertical 
floods at a constant rate of 436 cm/day (14.3 ft/day) 
in consolidated Alundum cores fitted with Lucite 
header caps to permit observation of the core faces. 
The cores were initially 100 per cent oil saturated 
except for three floods which contained an initial water 
saturation. After each flood the cores were cleaned 
and their weight and air permeability checked prior to 
resaturation. The samples from each flood were ana- 
lyzed by a refractometric method. Those samples which 
contained water were saturated with salt to effect an 
essentially quantitative separation between TBA and 
water prior to analysis. These data could be translated 
into oil recovery and zone growth behavior as functions 
of the specific variable studied. 


RESULTS AND DISCUSSION 


Results of the experiments will be discussed accord- 
ing to the variable of interest for both favorable and 
unfavorable viscosity ratios as it affected oil recovery 
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and zone growth. A favorable viscosity ratio is defined 
as one in which the ratio of the viscosity of the dis- 
placed liquid to the viscosity of the displacing liquid 
is less than unity for both mixing regions, Les; 
Ho Srna < ft». An unfavorable viscosity ratio is one in 
which the ratio of displaced-fiuid viscosity to displac- 
ing-fluid viscosity is greater than unity, or pana 
As can be seen in Table 1, the viscosity levels, and 
hence the viscosity ratios, were held constant for all 
floods with favorable ratios. The same is true of the 
viscosity levels and ratios for all floods having unfavor- 
able viscosity ratios. 


It should be emphasized that the values in the results; 
such as pore volumes and lengths, cannot be directly 
transferred to field conditions. They apply. only to the 
system used. 


EFFECT OF ZONE SIZE ON OIL RECOVERY 


The limited literature*’ available on TBA slug dis- 
placements reports that zone size has an important 
effect on oil recovery; however, these investigations 
were of small zones over a narrow range. The data 
were further complicated by the presence of an initial 
water saturation. In order to extend the range of zone 
sizes and reduce the number of variables in any given 
tun, floods with zone sizes ranging up to 1.27 pore 
volume (PV) were performed with no initial water 


TABLE 1—PROPERTIES OF FLUIDS AND CORES USED DURING THE 
INVESTIGATION 
PROPERTIES OF FLUIDS 


Favorable Combination Unfavorable Combination 


Dis- 
Tech. Tech. tilled 
Oil TBA H2O Oil TBA H2O 
Per cent 
composition (wt) 5 per cent 41 per cent 48 per cent 
j ujol — Sugar — Nujol — 
95 per cent 59 per cent 52 per cent 
Kerosene 100 Water Kerosene 100 100 
Density 
(gm mi-?) 0.80 0.78 1.18 0.83 0.78 0.99 
Viscosity 
(cp at 25° C) 1.62 4.22 6.03 6.05 4.22 0.89 
Viscosity ratio 
(uDispleeed) 
(uDisplacing) 0.38 0.70% 1.43 4,74 
PROPERTIES OF CORES 
Porosity Pore Kair 
Core in volume in Diameter Length 
number per cent (ml) (md) (cm) (cm) 
7917-SC2 20.8 152 237 5.50 30.7 
7917-SC3 21.1 154 243 5.50 30.7 
7919-SCl 25:3) 314 373 5.08 61.2 
7919-SC1 —A 26.0 54.2 380 5.08 - 10.3 
= 8B 25.4 259 362 5.08 50.4 
25.5 210 368 5.08 40.7 
—D 25.4 157 368 5.08 30.5 
al 3 25.6 27.0 381 5.08 5.18 
=F 25.6 106 367 5.08 20.4 
100 
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saturation. The water breakthrough and ultimate oil 
recoveries obtained from these floods using a 30.7-cm 
core are plotted as functions of zone size in Fig. 2. 


FAVORABLE VISCOSITY RATIOS 


As can be seen in Fig. 2, decreasing the zone size 
for favorable viscosity ratios had the effect of decreas- 
ing the ultimate oil recovery when the initial slug 
sizes were smaller than 0.30 PV. At sizes greater than 
this, little increase in ultimate oil recovery was observed 
with increased zone size. 


For zone sizes larger than 0.30 PV, the ultimate 
recoveries, which approached 100 per cent of the oil 
in place, were obtained prior to water breakthrough. 
As the zone size was decreased from 0.30 PV, the 
behavior was similar to that observed for water floods 
with favorable viscosity ratios; namely, after water 
breakthrough oil production virtually ceased, leaving a 
residual oil saturation. This residual oil saturation in- 
creased with decreasing zone sizes until the residual of a 
water flood was obtained at an initial zone size 0.0 PV. 


The observed separation and decline of these two 
curves at zone sizes smaller than 0.30 PV are inter- 
preted to mean that the amount of TBA present was 
insufficient to traverse the path length of 30.7 cm and 
still maintain a buffer region containing sufficient TBA 
to prevent a phase break. That a phase break occurred at 
these zone sizes is supported by other evidence, namely, 
that at the time of water breakthrough, the water 
appeared as a separate phase at the outlet face and that 
the over-all composition of the effluent at water break- 
through was such that it fell within the immiscible 
region shown in Fig. 1. This same general behavior 
pattern was observed with unfavorable viscosity ratios 
except that subordinate oil production after water break- 
through played a more dominant role in determining 
the ultimate recovery values. 


UNFAVORABLE VISCOSITY RATIOS 


Fig. 2 also shows a plot of oil recovery as a function 
of zone size with the unfavorable fluid combination. 
At zone sizes below 0.6 PV, the oil recovery at water 
breakthrough became less than the ultimate recovery. 
This difference became greater as zone sizes were 
decreased until the recovery from a typical water flood 
was obtained at zero zone size. Ultimate oil recovery 
did not decline until the zone size became smaller 
than 0.5 PV, implying that increased recovery can be 
obtained even though phase break occurs if a sufficient 
quantity of slug material is injected to permit the exist- 
ence of a substantial oil-alcohol mixing region ahead of 
the interface formed by the phase break. The observed 
differences between ultimate oil recovery and recovery 
at water breakthrough for zone sizes smaller than 0.6 
PV are attributed to a phase break. Such a phase break 
should result in changes in the zone growth parameters 
at or near these same zone sizes. 


EFFECT OF ZONE SIZE ON GROWTH 


In order to describe the physical growth of the zone, 
certain zone parameters were defined (these quanti- 
ties are listed at the end of the paper under Nomen- 
clature). It will be noted that in this list, as well as in 
Fig. 3, the quantities are defined in terms of the 90 
per cent and 10 per cent concentrations in the effluent. 
These points were used because the tails on the compo- 
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sition vs volume curves made it very difficult to measure 
the point at which the concentration of a given com- 
ponent reached 0 per cent or 100 per cent. 


The numerical value of a given parameter was 
obtained by a difference method. An example will best 
serve to illustrate the method. Assume that one is 
trying to find the length of the oil-TBA mixing region, 
Lo-rea), for a particular flood. This length lies between 
the 90 and 10 per cent oil concentration in the effluent. 
From a plot of composition vs volume of effluent, such 
as is typified by Fig. 3, the volume of effluent collected 
between the arrival of the selected compositions at the 
outlet face can be determined. By applying the ap- 
propriate factors, this volume difference can be con- 


verted to a length termed L,o_rna). 

It should be mentioned that in the case of. small 
initial zone sizes the 10 per cent water concentration 
appeared in the effluent before the 10 per cent oil con- 
centration. This resulted in negative values for the 
length of the TBA zone. Lyrszs). The negative values 
have no meaning other than that the TBA zone was con- 
sumed and they give some measure of the penetration 
by the water phase into the oil-TBA region. It should 
also be pointed out that the viscosity gradients between 
any two components are constantly changing even 
when miscibility is maintained. In addition, when a 
phase break occurs, there is a sharp and abrupt change 
in the viscosity gradients. The size of the samples 
collected precluded measurement of these changes. Sep- 
arate viscosity determinations carried out under equili- 
brium conditions indicate that these changes could be 
quite severe. 


FAVORABLE VISCOSITY RATIOS 


In Fig. 4 are plots of the various growth parameters 
for this series of floods. This figure shows that the 
curve for Lyrpa) assumed negative values at zone sizes 
smaller than 0.19 PV. In addition, the curves for 
the length of the water-TBA 
the over-all length, Lio-w); and the change in over-all 


length, AL(o.w), all show a change in slope near a zone 


size of 0.20 PV. 


Any explanation of this behavior must take into 
account the fact that the curves for these quantities as 
functions of zone size all exhibit a change in behavior 
at or near the same zone size. In view of the phase 
behavior of the system, the negative nature of Lerpay at 
zone sizes below 0.19 PV, the decline in ultimate oil 
recovery at zone sizes smaller than 0.30 PV, and the 
observance of two phases on the core face at water 
breakthrough, it was concluded that the observed 
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changes were caused by a phase break with the res:tant 
formation of an interface. A critical minimum zone 
size therefore exists below which miscibility cannot be 
maintained throughout the path length flooded. The oil 
recovery at zone sizes below this critical one then 
becomes a function of both a miscible-type and of an 
immiscible-type displacement and the path length over 


which each type is controlling. This is consistent with 


the observed decline in oil recoveries at the smaller 
zone sizes. A subordinate production due to a flushing 
action accounts for the small but definite separation 
between the ultimate-oil-recovery and oil-recovery-at- 
water-breakthrough curves. : 


Any mathematical expression for this balance be- 
tween the two mechanisms will have to account for the 
benefits which may accrue from the oil-TBA mixing 
region ahead of the interface. 


UNFAVORABLE VISCOSITY RATIOS 


The same growth parameters were studied for un- 
favorable viscosity conditions and are plotted in Fig. 5. 
This figure shows that L,rs,, became negative at a 
zone size of 0.55 PV. The curves for Lyow), ALwo-w), 
and Lirps-w) all show a change in slope near a zone 
size of 0.6 PV. This is the same zone size at which oil 
recovery at water breakthrough began declining with 
zone size decreases. All of this evidence shows the 
occurrence of a phase break at some zone size between 
0.5 and 0.6 PV. 


SUMMARY OF ZONE SIZE EFFECT 


It was observed that a close agreement existed 
between the zone sizes at which growth parameters 
exhibited changes; those at which oil recoveries began 
declining, and those at which phase break was observed 
at the outlet face of the core. These changes reflect 
the effects of a phase break, and this is true for both 
favorable and unfavorable viscosity ratios. The results 
further show that a phase separation in the trailing 
edge of the zone does not result in a pronounced 
decrease in ultimate oil recovery until the zone size 
becomes so small that little or no oil-TBA region exists 
ahead of the phase-break-created interface. 
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EFFECT OF PATH LENGTH ON OIL 
RECOVERY AND ZONE GROWTH 


Once the effects of zone size were established; the zone 
growth as a function of path length was investigated. 
This was done to determine how the critical zone size 
changes with travel distance. To observe this growth, a 
zone size was chosen which, for favorable viscosity 
ratios, should have resulted in a phase break at approxi- 
mately 55 cm of path length if the square root growth 
law predicted by von Rosenberg” is valid. 


FAVORABLE VISCOSITY RATIOS 


A constant-volume zone size was chosen for study at 
four path lengths with the same favorable viscosity 
ratios and levels as were used in the zone size studies. 
This constant volume zone would have had a length of 
11.6 cm ifno growth occurred. The various path lengths 
were obtained by successively cutting sections from an 
original 61.2-cm core. Oil recovery as a function of 
path length for these conditions is listed in Table 2. 
As expected, the table shows that the ultimate oil 
recovery and the oil recovery at water breakthrough 
were equal at all path lengths. 

The growths of the zone parameters as functions of 
path length for these conditions are plotted in Fig. 6. 
In this figure, the curves are growth curves predicted 
on the basis of a square root dependence of zone growth 
on path length. Except for the curves for Lio-w, and 
Lina) the- predicted curve for each growth parameter 
was obtained by multiplying the average experimental 
value of that parameter as observed at the 5.18-cm 
length by the square root of the ratio of the new path 
length to 5.18 cm. The predicted curve for Lio_w) was 
obtained by adding the initial zone size to the pre- 
dicted value of AL,o.w, computed as described. The 
predicted curve for Lirz,, was obtained by summing one- 
half of the predicted values of Lio-rnay and Lerpary) at 


TABLE 2—OIL RECOVERY AS A FUNCTION OF PATH LENGTH WITH 
FAVORABLE FLUID COMBINATION AND CONSTANT VOLUME ZONE 


Oil Recovery 
Water breakthrough Ultimate 


Fractional 

Path Pore (per cent original oi!) (per cent original oil) 

length volume Experi- Experi- 

(cm) of zone mental Average mental Average 

5.18 2.21 98.9) 97.4 98.9 97.4 
95.84 95.8 

10.4 1,10 99.4) 98.0 99.4) 98.0 
96.6 96.6 

30.5 0.38 69 100.0 99.9 100.0 
100.0 100.0 

0.19 99.2) 97.3.3 99.2) 97.3 
95.45 95.44 
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any given path length and subtracting this sum from 
the initial zone length. 

The experimental data points fit the predicted curve 
quite well for path lengths up to 30.5 cm., inclusive. 
The experimental data exhibit a positive deviation from 
the predicted values at 61.2 cm of length. It will be 
noted that the value for Lyrsa) is negative at this path 
length, meaning that the buffer zone is gone and that 
oil and water dissolved in TBA have contacted and a 
phase separation has occurred. 

That a phase break occurred at this longest path 
length (61.2 cm) is further substantiated by the fact 
that water appeared as a separate phase on the outlet 
face of the core at water breakthrough. Because the 
study of initial zone size effects showed that when two 
phases appeared in the effluent the over-all composition 
was in the immiscible region of the phase diagram, no 
composition calculations were performed for the path- 
length study. 

In the discussion of zone size effects, it was shown 
that, for the 30.7-cm core, the zone underwent a phase 
separation at an initial zone size of 0.30 PV at these 
same favorable viscosity ratios. Assuming that the 
square root law is applicable to the minimum zone size 
necessary to maintain an intact zone, the path length at 
which zone breakdown would be expected would be 
55.2 cm. The indications are that, since Lyrpa, was 
slightly negative (—0.02 cm) at 61.2 cm, conditions 
were such that a phase break occurred at a path length 
slightly shorter than 61.2 cm. 


In summarizing the effects of path length for the 
favorable viscosity conditions, we concluded that for 
the zone approximating the critical size the phase break 
occurred too late in the life of the flood to have a 
pronounced influence on ultimate oil recovery value for 
the path length used. If cores longer than 61.2 cm had 
been flooded with this initial zone size (11.6 cm), oil 
recoveries would have been expected to decline. Once 
phase break occurred, the rate of deformation of the 
zone increased above the square root growth rate 
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observed when miscibility was maintained throughout. 
The critical zone size required is proportioned to the 
square root of path length for a linear system with 
favorable viscosity ratios. 


UNFAVORABLE VISCOSITY RATIOS 


Fig. 7 shows the effect of path length on oil recovery 
for a constant volume zone with unfavorable viscosity 
ratios. Again, the same fluids were used in this study 
as were used in the study of zone size for unfavorable 
viscosity ratios. The length of this zone in the cores 
would have been 11.6 cm if no growth had occurred. 
Seven path lengths were used in this study. For short 
path lengths, the curves for oil recovery at water break- 
through and ultimate recovery are identical. Their 
mutual curve, as a function of path length, attains a 
maximum of 97.5 per cent at about 10 cm of length. 
Why the oil recovery curves should show a maximum 
at this path length is not at all obvious. It could be 
that the low pressures encountered with the 5.18-cm 
core (P < 2 psig) were not sufficient to cause the TBA 
to enter the inlet face at all points and that, once a 
finger of TBA broke through, most of the TBA fol- 
lowed this path, thereby by-passing some oil near the 
inlet face. In other words, fingering effects had become 
important. Very little oil had to be by-passed at this 
short path length to cause an appreciable decrease in 
the per cent oil recovered. The decrease in oil recovery 
at 5.18 cm shown in Fig. 7 was about 4 per cent of 
the oil in place, which is equivalent to the loss of 1.1 
cc. At path lengths greater than 20 cm, the curves are 
separate, the curve for oil recovery at water break- 
through declining much more rapidly than the curve 
for ultimate oil recovery until a path length of 40 cm 
is attained. At this length, the curves appear to become 
parallel. It is expected that they would continue to 
decline with increasing path length, asymptotically ap- 
proaching waterflood recoveries as a limit, since for an 
infinite path length any finite zone injected would be 
no more effective than a water flood. 

Fig. 8 is a plot of the zone parameters as functions of 
path length for these viscosity conditions. It is noted 
that Lira) assumes negative values at a path length of 
24 cm. Because of the tails on the composition curves 
below the 10 per cent composition points, the agree- 
ment between this value and the 20-cm path length at 
which incipient decline in oil recovery at water break- 
through occurs is considered good. The curves for 
Lio-w), ALwo-w), and Lyrss-w) undergo a decrease in 
slope at a path length between 20 and 30 cm. The 
slope of the Liorsa) curve remains relatively uniform 
over the range of path lengths studied. 
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An attempt to determine the dependency between 
the zone growth parameters and path length was made, 
since no known theoretical treatment for zone growth 
behavior under unfavorable viscosity conditions exists. 
It was found that a log-log plot of zone parameter vs 
path length resulted in a straight line with the exception 
of the last few points on the log [Lirps_w)] curve. These 
points are for. path lengths where phase break is ex- 
pected. The slope for the oil-TBA curve was found to 
be 1.29, while the TBA-water curve had a slope of 1.39 
in the miscible region. 

Using these slopes as exponents for the path-length 
ratios, we predicted growth curves for each mixing 
region, as shown in Fig. 9. The experimental points 
for Lions) fit this predicted curve quite well; how- 
ever, for path lengths greater than 30 cm, the data 
points for Lirz,-w) depart radically from the predicted 
curve. A curve drawn through these non-conforming 
points (dashed curve in Fig. 9) intersects the predicted 
curve at a path length of 30 cm. A similar treatment 
for AL,o-.w) showed its slope in a log-log plot against 
path length to be 1.53 and the intersection of a curve 
drawn through the non-conforming points with the 
predicted curve to be at 28.4 cm. These two values are 
considered to be in good agreement with the 25-cm 
length at which Lirns) became zero. Because of the 
unfavorable viscosity ratios, these values are also in 
fair agreement with the 20-cm path length at which a 
separation between the oil-recovery-at-water-break- 
through curve and the ultimate-oil-recovery curve 
occurred. In the previous discussion, it was noted that 
such a separation occurred when phase break occurred. 
In this particular series of runs, phase separation was 
not observed at the 20-cm path length; but two phases 
were observed at the 30.5-cm path length. Hence, some- 
where between these two path lengths a phase break 
occurred. 

In the study of zone size effects, it was found that 
approximately 0.6 PV of zone material was necessary 
to maintain miscibility for a path length of 30.7 cm. By 
using the growth exponents determined from this series 
of floods, one can calculate that phase break should 
have occurred at about 25 cm of path length for the 
constant volume zone used in these floods. In view of 
this agreement, the observed behavior is attributed to 
a phase break in the trailing edge of the oil-TBA mixing 
region. The decrease in ultimate oil recovery was not 
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coincident withthe phase break, as was also observed 
in the zone size studies. The reason for this is that an 
appreciable mixing zone of oil and TBA exists ahead of 
the phase interface for zone sizes near the critical one. 


These findings have implications in applications of 
similar processes; Since phase break in the trailing edge 
results in a relatively decreased rate of over-all zone 
growth under unfavorable viscosity conditions, it may 
be desirable to inject a slug of sufficient size to permit a 
substantial mixing zone to exist ahead of the phase- 
break-created interface but not necessarily sufficient to 
maintain complete miscibility throughout the entire dis- 
placement distance. Favorable viscosity ratios are still 
desired, since, in a linear flood at least, the fractional 
pore volume of material necessary to maintain misci- 
bility decreases as distance increases. The growth of a 
mixing region in the systems observed was a function 
of the viscosity ratio between the components when that 
ratio was unfavorable. This conclusion is based upon 
the observation that the exponent of path length was 
different for each mixing region, that region having the 
more unfavorable viscosity ratio also having the larger 
exponent. This was not observed with favorable viscosity 
ratios. 

Because of the phase characteristics of the system, 
the effects of an initial water saturation should play a 
dominant role in controlling the displacement efficiency. 
This facet of the process was investigated in three 
floods. 


EFFECT OF INITIAL WATER SATURATION 
ON Or RECOVERY AND ZONE GROWTH 


The effect of initial water saturation (S,;) on oil 
recovery is listed in Table 3. In this table, three runs 
with no S,,; are compared with the three runs which 


TABLE 3—COMPARISON OF OIL RECOVERIES! AND ZONE STRETCHING 
OBTAINED FROM THE SAME CORE FOR EQUAL ZONE SIZES AND RATES 
WITH AND WITHOUT AN INITIAL WATER SATURATION 


Swi = 0.4 PV Swi = 0.0 PV 
Per cent oil recovery Per cent oil recovery 
TBA 5 TBA 
break- Ulti- break- uiti- 
through mate L through mate L 
67.5 72.0 2.54 67.2 95.1 1.43 
74.8 Uber 3.42 66.6 96.2 1.79 
76.1 78.0 3.05 7053 92.8 1.26 
Average 72.8 75.8 3.00 68.0 94.7 1239 
1Oil recoveries are expressed as per cent of original oil in place. 
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had an S,, of 0.4 PV, which was the only saturation 
studied. All other conditions were equal. Clearly, the 
effect of S,,, is to reduce the efficiency of the Zone. 
The average recovery at TBA breakthrough was 72.8 
per cent or 4.8 per cent higher when a S,,, existed than 
when none existed, but the average ultimate recovery 
dropped to 75.8 per cent vs 94.7 per cent when no 
water was initially present. 

In order to explain these observations, it is necessary 
to mention two results obtained from indirectly related 
experiments. The first of these is that, when two phases 
exist, the TBA concentration is higher in the water 
phase than in the oil phase.” The second is that TBA 
is preferentially absorbed from the oil phase by Alun- 
dum. The increase in oil recovery at TBA breakthrough 
is a result of the combination of these two effects which 
act to increase the oil saturation ahead of the inter- 
face. Behind the interface is a solution of TBA in 
water. Very little dissolved oil is present, and oil pro- 
duction ceases. 

The decrease in ultimate oil recovery from that 
obtained when no S,, existed is due to the fact that 
both oil and water are immediately contacted by the 
TBA; and after only a very short distance has been 
traversed, phase separation occurs in the leading edge 
of the zone. Hence, the previously suggested oil recovery 
balance between immiscible and miscible displacement 
processes is highly in favor of the immiscible-type dis- 
placement. The net result is an ultimate oil recovery 
only slightly better than the 71 per cent obtained from 
a water flood. 


Because the study of individual growth parameters 
was precluded by interstitial water production, the 


Lo-w) 


fractional zone stretching, , was used as the 


measure of growth. When no water was present this 
ratio had a value of 1.39. When an initial water satura- 
tion existed this value increased to 3.00 or it more than 
doubled. The increase was caused by the fingering and 
flushing resulting from the formation of an interface. 


EFFECT OF VISCOSITY RATIO AND CORE 
CHARACTERISTICS ON ZONE GROWTH 


The effect of viscosity ratio on zone growth is illus- 
trated in Fig. 10, where it is shown that for a constant 
path length, favorable viscosity ratios, as defined earlier, 
gave rise to a constant growth which was independent 
of viscosity ratio over the range investigated but which 
appeared to depend upon core characteristics, Fig. 10 
is a plot of Lyo-rsa) and Lyrna-w) vs log (viscosity ratio) 
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for two different cores of equal length and for zone 
sizes large enough to eliminate phase break. When the 
viscosity ratio became greater than unity, Lyo-rsa) and 
Lisa-w) exhibited different growth values which de- 
pended upon the viscosity ratios. The separation between 
the two curves occurred because of differing core char- 
acteristics. Assuming that the curves in Fig. 10 remain 
linear throughout the unfavorable region, one may 
determine that the length of a mixing region for un- 
favorable viscosity ratios is given by: 

p displaced 

displacing 

where L is the length of the mixing region in centi- 
meters and C is a constant whose value depends upon 
the particular core characteristics. 

Many authors have reported no significant effect of 
pore geometry on miscible displacements. If this is true, 
then C should be a universal constant; however, Fig. 10 
shows that it is not, since the extrapolations of the 
two curves in the unfavorable viscosity region intersect 
the ordinate for a viscosity ratio of unity at different 
points. Other work done at this laboratory substantiates 
that porous medium type has a significant effect on the 
behavior of miscible displacements. These discrepan- 
cies point out the need for further effort devoted to 
determining core effects. 

In essence, what is yet needed is enough data to 
establish the critical zone size for a wide range of 
viscosity ratios as a function of path length and core 
characteristics. This would result in a family of curves, 
since the results of this study indicate that each vis- 
cosity ratio in the unfavorable region will yield a 
different growth exponent, which in turn will determine 
to what power the path-length ratio must be raised in 
the mathematical treatment of zone growth. 


L=C + 18.1 log 


CONCLUSIONS 


The following conclusions based on results obtained 
from linear miscible-zone displacements in short, cylin- 
drical Alundum cores, are not necessarily applicable 
to field operations; they apply specifically to the systems 
used. 

1. For a constant path length, zone size has an effect 
on oil recovery efficiency for sizes smaller than the 
critical one at which phase break occurs. 

2. The ultimate recovery at zone sizes less than the 
critical size is a composite of that from an immiscible 
displacement and that from a miscible displacement. 

3. The efficiency and zone stability and hence the 
critical zone size necessary to maintain miscibility are 
dependent upon viscosity ratio, path length, phase prop- 
erties of the fluids and core characteristics. 

4, At the viscosity level studied, the effect of vis- 
cosity on the growth of the mixing regions (oil-TBA 
and TBA-water) for a constant path length is negli- 
gible when the viscosity ratios are favorable, the amount 
of growth being a function of the core and fluid char- 
acteristics. 

5. At the viscosity levels used, the growth of the 
mixing regions is dependent upon viscosity ratios, core 
characteristics, and fluid characteristics when the vis- 
cosity ratios are unfavorable. The more unfavorable 
the ratio, the greater is the growth for a given path 
length. 

6. For given core characteristics, zone growth shows 
a square root dependence upon path length when vis- 
cosity ratios are favorable for the short-path lengths 
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studied. When they are unfavorable, the dependence 
upon path length is greater than the one-half power; 
the exact dependence being related to the viscosity ratio. 
For systems studied, it was greater than unity. 

7. In the system studied, the deterioration of the 
zone was hastened by the presence of an initial water 
saturation, which, because of the phase behavior of 
the system, caused a phase break in the leading edge 
of the zone. 

8. Deterioration of the trailing edge of a zone does 
not necessarily result in a decrease in ultimate oil 
recovery. An appreciable decrease is observed in those 
cases where zone breakdown occurs so early in the 
life of the flood that a substantial solvent-oil region 
cannot exist ahead of the phase-break-created interface. 
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NOMENCLATURE 


L = calculated length a zone would 
occupy in a porous medium if no 
mixing occurred, cm 

L(o-rna) = length between the 90 per cent oil- 


10 per cent TBA and 10 per cent 
oil-90 per cent TBA concentra- 
tions in the effluent as measured 
at the outlet face, cm 

Lies-w) = length between the 10 per cent 
water-90 per cent (oil + TBA) 
and 90 per cent water-10 per 
cent (oil + TBA) concentration 
points in the effluent as measured 
at the outlet face, cm 
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Lio-w) = length between the 90 per cent oil- 
10 per cent TBA and 90 per cent 
water-10 per cent (oil + TBA) 
concentration points in the efflu- 
ent as measured at the outlet 
face, cm 

AL = Lio-w) — L, cm 

L.re4) = length between the 10 per cent oil- 
90 per cent TBA and 10 per cent 
water-90 per cent (oil + TBA) 
concentration points in the efflu- 
ent as measured at the outlet 
face, cm 
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ABSTRACT 


Results of a field research project on the thermal 
recovery of oil by movement of a combustion front are 
presented. This field test was conducted in the South 
Belridge field, Calif. The test pattern was a single 
2.5-acre five-spot pattern in the 700-ft deep Tulare sand. 

Results of this project indicate the technical feasibility 
of producing high viscosity, low-gravity crude oils by 
thermal means. It was demonstrated that heavy oils 
could be moved rapidly over considerable distances by 
thermal drive, and that high percentage recoveries of 
oil could be effected. The bulk of the oil recovery came 
after arrival of the burning front at a production well. 
However, rapid corrosion and high-temperature failure 
of conventional pipe and equipment both below and 
above surface occurred. Stainless steels gave more satis- 
factory performance under these conditions than did 
conventional steels. 


Oxygen was seldom observed in gas from wells ahead 
of the burning front, and it appears that the front was 
continuous throughout the life of the experiment. 


LNEER OD LOW 


During late 1953 and early 1954, industry-wide atten- 
tion was focused on the thermal recovery of oil by 
movement of a combustion front through an oil zone. 
Two separate Oklahoma field tests were described in 
publications by Kuhn and Koch’, and Grant and 
Szasz.’ To obtain basic information needed for making 
engineering and economic appraisals of commercial 
recovery of heavy oil by this thermal recovery method, 
a new field research project** was started May 31, 
1955. Twelve oil companies contributed to this project 
with General Petroleum Corp. as operator. . 


Since combustion recovery experiments* with heavy 


Manuscript received in Society of Petroleum Engineers office 
Sept. 15, 1958. Paper presented at Annual Fall Meeting of the Los 
Angeles Basin Petroleum Section in Los Angeles, Oct. 16-17, 1958. 

1References given at end of paper. 

*The recent literature contains many descriptions of field and 
laboratory studies of the combustion-drive thermal recovery method. 
Attention is directed to Refs. 6-15 for information on these studies. 

Discussion of this and all following technical papers is invited. 
Discussion in writing (three copies) may be sent to the offices of 
the Journal of Petroleum Technology. Any discussion offered after 
Dec. 31, 1958, should be in the form of a new paper. 
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oils in other areas had been conducted in small pat- 
terns,”> an important purpose of this test was to deter- 
mine whether the process could be operated in a pattern 
of near-commercial well spacing. The South Belridge 
field, located 30 miles north of Taft, Calif., was chosen 
because its oil sands are similar to many heavy oil sands 
which typically have low primary recovery and leave 
a large amount of oil in place. Such fields are not par- 
ticularly suited for common secondary recovery methods. 


DESCRIPTION OF TEST SITE 


The test interval was a Tulare sand at a depth of 
about 700 ft. Nine test wells were drilled, cored and 
completed from Oct., 1955, through Jan., 1956. The 
initial pattern shown on the map, Fig. 1, consisted of 
an injection well (11), four producing wells (1P-4P), 
and four observation wells (1T-4T). An old well (81) 
was also recompleted for use as an observation well. 
The area enclosed by the original four production 
wells was 2.5 acres; the distance from the injection well 
to each production well was 233 ft. During the com- 
bustion period, Well SP was drilled to replace Well 
2P, and Well 6P was drilled to replace Well 3P. The 
new wells were 25 ft beyond the old production wells 
along a diagonal from the injection well, and resulted 
in an increase in pattern area to 2.75 acres. 


Isopachs are shown in Fig. 1. The average thickness 
of the oil sand in the test pattern was 30 ft. Fig. 2 
presents two cross sections through the test pattern. Oil 
sand is represented by white and claystone by gray. 
The dashed lines indicate layers of conglomerate grad- 
ing to claystone. The sand thickness was fairly uniform 
throughout the test pattern except in the 1P area. The 
sand body dips gently from the northwest to southeast, 
about 3 degrees from horizontal. The sand is unconsoli- 
dated, and grades from very fine material to pebbles 
as large as 2 in. in diameter. 

Table 1 presents the average initial properties of the 
formation. The in-place porosity of 37 per cent was 
estimated from the porosity of coke-consolidated cores 
taken after combustion. Original core analyses data 
were adjusted to 37 per cent, giving pore volume satura- 
tions of 60 per cent oil, 37 per cent water, and 3 per 
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cent gas. The initial formation temperature was 87°F. 

A schematic flow diagram of the major equipment 
used in the experiment is shown in Fig. 3. Air was 
compressed by three 350-bhp compressors which could 
supply 3.5 MMcf of air per day at 500 psi. The com- 
pressed air was injected through the central well. After 
ignition, the air passed through a very high permeability 
“burned” region in the sand to the “burning” front. 
There the air burned the residuum and coke remaining 
on the sand, about 15 per cent by weight of the initial 
oil. The rest of the oil, formation water, and the water 
of combustion were pushed ahead of the burning front. 
The combustion gases moved rapidly through and far 
out in front of the bank. Combustion gases were re- 
covered at the producing wells along with oil and water 
which was being pushed ahead of the burning front. 


Production wells were pumped initially, but after 
arrival of the burning front, the gas rates and well 
productivities were high enough so that wells flowed. 
Produced fluids passed from the wellhead to a separator. 
Oil and water passed to the tank farm for gauging. The 
separated gas passed through a back-pressure regulator 


TABLE 1—INITIAL FORMATION PROPERTIES 


Porosity, per cent 

Oil saturation, per cent 
Water saturation, per cent 
Gas saturation, per cent 


37 

60 (1,720 bbl/acre-ft) 

37 (1,060 bbl/acre-ft) 
3 


Total oi! in test pattern, bb! (1P-5P-6P-4P) 145,000 
Total water in test pattern, bbl 90,000 
Oil gravity, °API 12.9 
Oil viscosity, cp at 87°F 2,700 
Specific permeability to air, darcies 8 
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to the meter runs. Gas was measured by orifice meters. 
At the start of air injection all exhaust gas was passed 
through a flame arrestor and flared to prevent accumu- 
lation of combustible gas in the test area. 


In addition to the injection and production wells, five 
observation wells were located in the test pattern. Each 
observation well was cased to the top of the sand, and 
two strings of pipe were run to the bottom of the sand. 
One string of 2.5-in. pipe was slotted over the test 
interval to permit collection of gas samples. The other 
string was 2-in. pipe, capped at the bottom. This string 
permitted running a thermocouple cable to measure 
formation temperatures. The injection well and all pro- 
duction wells were completed with similar thermowells. 


The air injection rate and the produced gas rates 
were regulated with volume and pressure controllers. 
All gas analyses were made with a mass spectrometer. 
Temperature readings were made with thermocouples. 


Conventional pipe was used, with the exception of 
the injection well liner, replacement well liners, and 
observation well tubing strings, which were Type-304 
stainless steel across the sand interval. 


Fig. 4 is a photograph of the test site, facing south- 
west. Production Well 1P is shown in the center fore- 
ground. Wells 2P, 3P and 4P may be seen by moving 
in a counterclockwise direction from Well 1P. The in- 
jection well, 11, is in the center of the picture under the 
derrick. The derrick was positioned over the injection 
well to permit installation of a 54-ft lubricator for run- 
ning an electrical igniter into the well under pressure. 
The tank farm, consisting of eight 100-bbl tanks, may 
be seen to the left of the injection well. The building 
to the immediate right of the injection well is the opera- 
tions building which contained instruments, an office 
and a shop. The building to the far right of the injec- 
tion well is the compressor building. The observation 
wellheads appear within the square formed by the four 
production wells. The most distinct observation well is 
4T, which may be seen on a direct line from the injec- 
tion well to Well 1P in the immediate foreground. 


Fic. 4—ArrRIAL VIEW OF THE SouTH BELRIDCE 
Test AREA. 
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PRODUCTION BEFORE AIR INJECTION 


Following completion in Oct., 1955, the four pro- 
duction wells and the injection well were pumped to 
establish the initial liquid and gas production rates. 
By the end of Feb., 1956, the average production per 
well was 5 B/D of oil, and negligible water and gas. 
The producing mean formation pressure was atmos- 
pheric. The oil production mechanism appeared to be 
mainly solution gas drive with no active water drive 
evident. A total of 3,680 bbl of oil were produced 
during this period. 


AIR INJECTION RESULTS 


Air injection was started March 1, 1956, and con- 
tinued almost without interruption throughout the ex- 
periment. Air was injected at rates as high as 700 
Mscf/D with a maximum pressure of 240 psi before 
ignition (Fig. 5). The calculated initial effective per- 
meability to air averaged 50 md. No appreciable effect 
of air injection rate on liquid production rate was 
found. The gas production rate was relatively high in 
Wells 2P and 3P to the west but relatively low at Well 
4P to the southeast, and practically insignificant at 
Well 1P to the northeast. 

Besides being unevenly distributed, the total gas pro- 
duction rate from the pattern wells was only half of the 
injected air rate. Efforts to improve the distribution of 
gas flow by back-pressuring production Wells 2P and 
3P sharply reduced the pattern gas and oil production 
rates and increased loss of air from the test pattern. 
Back-pressuring was discontinued. 

Analysis of the gas from each of the four production 
wells indicated a substantial loss of oxygen but no 
substantial increase in carbon dioxide (Fig. 14). At the 
same time the formation temperature began to rise 
throughout the pattern. Apparently, oxygen was react- 
ing with the crude oil and generating heat. Oxidation 
reactions of this type are well known. As with most 
oxidations, the reaction rate increases rapidly with tem- 
perature increase. 

When the carbon dioxide content of the gas sampled 
at observation Well 1T (20 ft from the injection well) 
suddenly rose in early June, 1956, the air injection 
rate was cut back to avoid spontaneous ignition. But on 
June 15, 1956, the entire injection wellbore reached 
temperatures in excess of 1,000°F. Combustion had 
begun spontaneously at or near the injection well. 


THERMAL RECOVERY RESULTS 


AIR INJECTION AND MOVEMENT OF “BURNING” FRONT 
The air injection rate and resultant location of the 
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burning front along the major axes of the test pattern 
are shown in Fig. 5. The curve, on the top portion of 
Fig. 5, shows the cut-back of air injection rate follow- 
ing appearance of combustion gases at the time of 
ignition. 

Previous experience, both in laboratory experiments 
and field tests,”° indicated the immediate development 
of a fluid “block” upon ignition which could restrict 
air flow seriously. At South Belridge there was no meas- 
urable increase in injection pressure during the period 
immediately following ignition and air could be injected 
at any desired rate without abnormal pressure increases. 

During the remainder of June and during July, 1956, 
the air injection rate was increased rapidly to move the 
burning front to the first observation well (1T) in two 
weeks’ time. The immediate goal was to find whether a 
satisfactory ignition had taken place and if it would 
be necessary to use the igniter. The burning front 
arrived at Well 1T satisfactorily and the electrical igniter 
was never used. 

On July 15, 1956, the air injection rate was reduced 
to the design level, and the design schedule was main- 
tained after that time. As shown, the air injection rate 
was increased slowly until the compressor capacity was 
reached in late Feb., 1957. The air injection rate was 
then held at a level of approximately 3,500 Mscf/D. 
The injection pressure reached a maximum of 330 psi, 
about equal to hydrostatic pressure from the surface. 
The injection pressure is also shown in Fig. 5. 


In Feb., 1957, it became apparent that pattern pres- 
sure was dropping despite an increase in injection pres- 
sure. The wellhead pressure of Well 1T, which was 
representative of the pressure at the other observation 
wells and the average pattern pressure, is shown on the 
top portion of Fig. 5. An analysis of test data indicated 
that plugging between Wells 1I and 1T had begun in 
Nov., 1956, and reached a maximum and constant level 
in Feb., 1957. No further loss in injectivity resulted. 
A neutron log run in Well 1I indicated a high liquid 
saturation near this wellbore. Apparently water and 
compressor lube oil had condensed in the formation. 
Although this fact had no important effect on the test, 
steps to avoid plugging the high-permeability burned 
region might be taken in other projects if injection 
pressure were a serious factor. 


As a result of the air injection schedule, and the dis- 
tribution of air permeability in the test area, the burn- 
ing front moved through the test pattern as shown by 
the lower portion of Fig. 5. The points on the curves 
represent arrival of the front at the various wells in 
the test pattern. Arrival of the front was inferred from 
temperature measurements. The rate of advance of the 
front was markedly different in the four pattern quad- 
rants. The front reached Well 3P in late Aug:, 1956, 
or 73 days after ignition. The front then reached Well 
2P in Oct., 1956, and Well 4P in late March, 1957. 
The front reached Well 4T in late April, 1957, but did 
not reach Well 1P until late Nov., 1957. The average 
velocity of the burning front ranged from 0.4 to 3.2 
ft/day. 

Fig. 6 illustrates typical temperature profiles meas- 
ured during progress of the burning front by a well. The 
curve for Well 1I indicates the maximum temperatures 
recorded at ignition. The next profile shows tempera- 
tures measured at the nearest observation well (1T). 
The character of the temperature profile indicates burn- 
ing was taking place in the top of the interval. The 
temperatures shown for Wells 2T, 81-10, and 3T, are 
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not as high as those at Wells 1I and 1T, but again, 


the hottest portion was in the top of the interval. Obser- 
vation Wells 1T, 2T and 3T were sidewall cored at the 
end of the test. The thickness burned, as determined 
by core analysis, is described in the section, “Post 
Thermal Recovery Coring”. 


Liquip AND Gas PRODUCTION 
OIL AND WATER 


Before air injection the production rate per well 
was about 5 B/D of oil and 0.1 B/D of water. Rates 
did not change appreciably as a direct result of air 
injection until ignition occurred. An increase in oil 
rate was measured at production wells within two weeks 
after ignition. No change in temperature, pressure 
drawdown, or oil gravity was noted at production wells 
at this time. 


Fig. 7 presents oil gravity and production rate for 
Well 1P, the production well to the northeast of the 
injection well. The sudden, sharp rises in oil production 
rate shown during 1956 were the result of workover 
jobs which generally consisted of scratching perfora- 
tions, swabbing and bailing. No appreciable quantity 
of sand was bailed from Well 1P or the other produc- 
tion wells during similar operations. However, it ap- 
peared that all production wells were subject to gradual 
plugging. Well workovers were scheduled more often 
than in normal operations in an attempt to minimize 
loss of oil from the pattern. Although not shown in 
Fig. 7, the water rate increased from 0.1 B/D before 
ignition but remained below 3 B/D during 1956. 


In mid-Jan., 1957, both the oil and water production 
rates from Well 1P began to rise, accompanied by a 
rapid increase in oil gravity from 13° to 17.5° API. 
The increases in rate, gravity and water-cut were 
definite evidence of movement of the burning front 
toward this well. In late April, 1957, Well 1P was 
scratched, swabbed and bailed, resulting in an increase 
in oil rate to 70 B/D. At that time it appeared that 
movement of the front toward Well 1P was being hin- 
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dered by a decline in pattern static pressure. After 
June, 1957, workovers consisted of injecting hot oil 
into the casing with the pumping unit shut down. Sharp 
increases in oil rate after June, 1957, shown by Figs. 
7 and 10, were a result of “hot-oil” well treatment. 
The burning front finally reached Well 1P in late Nov., 
1957: 

Fig. 8 presents similar information for production 
Wells 2P and 5P in the northwest quadrant. After a 
workover at the end of June, 1956, the oil rate at Well 
2P increased rapidly to about 20 B/D. The water-cut, 
not shown in Fig. 8, began to increase rapidly by the 
end of July, 1956. The sharp rise in oil rate shown in 
early Sept., 1956, resulted from a workover. A gradual 
increase in oil gravity was noticed in Aug., 1956. The 
oil gravity reached 14.5° API in Oct., 1956, and re- 
mained at that level until Well 2P was abandoned. 


The burning front reached Well 2P in early Oct., 
1956. Thereafter, the oil rate rose rapidly to as high 
as 120 B/D. The well was put to flowing in early Nov., 
1956. By that time, the water cut was 50 per cent. 
During November, the oil production rate declined 
rapidly to 10 B/D. Indications were that the liner and 
tubing had failed as a result of high temperatures and 
corrosive conditions in the wellbore. In early Dec., 
1956, a 4.75-in. liner was run in Well 2P and the well 
was put to flowing. The oil production rate increased 
gradually through Feb., 1957. At the end of February, 
Well 2P plugged and the casing failed above the pro- 
duction zone. Attempts to return Well 2P to produc- 
tion failed and a cement plug was set and the well 
abandoned. 


A considerable quantity of oil was produced from 
Well 2P after arrival of the burning front, and no 
apparent decline existed prior to abandoning this well. 
For this reason the well was replaced by drilling Well 
5P 25-ft beyond Well 2P on a direct line from the 
injection well, or 258 ft from Well 11. Well 5P was 
completed with a stainless steel slotted liner. Cores 
indicated that the top 10 ft of the interval had been 
burned at this location, and that average oil saturation 
of the interval was only 510 bbl/acre-ft, about one- 
third the initial oil saturation.* Yet this well started 
producing in mid-April, 1957, flowing 320 B/D of oil 
with approximately 20-psi drawdown. The oil produc- 
tion rate dropped to 90 B/D by mid-Sept., 1957. The 
well was shut in during late September, while Well 2P 
was reworked in an attempt to shut-off a gas leak from 


*Cores taken during this and subsequent coring of ‘“‘hot’”’ intervals 
were warm to the touch when removed from the core barrel. It is 
quite possible that these cores were flushed and that oil saturations 
reported are too low. Core analysis results are presented as the 
best available information because it was not possible to determine 
whether, or to what degree, cores were flushed. 
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the pattern. Well 5P was returned to flowing the last 
week of Sept., 1957. Over half the recovery from the 
northwestern quadrant was realized after completion 
of Well 5P. The gravity of oil produced from this well 
reroained about 14° API. No workovers of any kind 
were necessary despite the considerable cumulative oil 
production from this well, 

Fig. 9 presents oil production rate and oil gravity 
for Wells 3P and 6P. The oil rate of Well 3P started to 
increase within 10 days after ignition and water pro- 
duction started rising significantly in mid-July, 1956. 
The burning front reached Well 3P about the end of 
Aug., 1956, only 73 days after ignition. The water-cut 
reached 50 per cent at the time of front arrival. The 
oil gravity began to rise in Aug., 1956, but like Well 2P, 
was never over 14° API for more than a few days. 
The maximum oil production rate reached after arrival 
of the burning front was 125 B/D, but the oil rate 
dropped rapidly and averaged only 50 B/D through the 
end of Sept., 1956. 


Well 3P flowed during most of September, but the 
oil rate dropped to only 25 B/D during early Oct., 1956, 
and the well was bailed, scratched, and the pump re- 
placed in mid-October. Liner damage was indicated 
by bailings, and by the fact that the well sanded almost 
immediately after the workover. It was shut in until Nov. 
1, 1956. During early November efforts were made 
to clean out Weil 3P and place it back on stream. 
During this workover, the mud column suddenly fell 
away and the well blew out. The well was brought under 
control and a cement plug was placed in the damaged 
liner. Air injection was stopped for three days during 
this well work. 


Because of the high cumulative oil production from 
Well 2P after the arrival of the burning front, it ap- 
peared that considerable oil could yet be recovered 
from the Well 3P quadrant. Well 6P was completed as 
a replacement for Well 3P in mid-April, 1957. This 
well was 25 ft from Well 3P on a line from the injec- 
tion well (258 ft from Well 11). Cores from Well 6P 
indicated no burned sand, but the indicated oil satura- 
tion was low, only half the initial saturation. The well 
was put on the pump at 20 B/D in late April, 1957. 
It was swabbed in and put to flowing in late May, 
1957, at a rate of 140 B/D, but declined to 30 B/D 
by Dec., 1957. 


Fig. 10 shows oil production rate and gravity for 
Well 4P, the southeastern production well in the pat- 
tern. The sudden, sharp rises in oil rate during 1956 
were the result of workovers. Although the water pro- 
duction increased with oil rate soon after ignition, the 
water cut did not rise appreciably until mid-Dec., 1956. 
The burning front reached the vicinity of Well 4P in 
late March, 1957. But considerable trouble with liner 
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slot plugging was experienced. In mid-April, 1957, 
Well 4P was bailed and scratched. The oil production 
rate rose to 55 B/D, but declined rapidly. About June 
1, 1957, hot-oil injection was started on a frequent 
basis. As a result the oil production rate improved 
steadily and the well was put to flowing in late July, 
1957. The oil production rate reached 110 B/D. In 
early Sept., 1957, sand and coke production became 
serious, indicating that the liner had failed. The well 
was killed with mud and a stainless steel inner liner was 
run. Thereafter, the well produced at low oil and gas 
rates by pumping. 

The oil gravity increased from 12.5° to 15.5° API in 
Aug. and Sept., 1956, six months before the apparent 
arrival of the burning front. The oil gravity averaged 
15° API after arrival of the burning front. 

Fig. 11 presents the oil production rate for the entire 
pattern. Just before ignition, the pattern oil rate was 
20 B/D. During combustion the oil production rate 
was as high as 390 B/D and averaged 140 B/D, seven 
times the rate before ignition, despite the fact that Well 
3P was down for five months and Well 2P was down 
for two months before being replaced. The thermal 
recovery process has demonstrated ability to move this 
viscous oil rapidly over great distances. 

Table 2 summarizes oil recovery from the test pattern 
quadrants during combustion through Nov. 15, 1957. 
The total oil recovery from the pattern was 73,950 bbl 
compared to the initial pattern oil content of 145,000 
bbl. This corresponds to an oil recovery of 51 per cent, 
or 880 bbl/acre-ft for the 84.2 acre-ft in the test pat- 
tern. The per cent recovery figures are based on the 
assumption that all production from a well originated 
in its respective quadrant. The 96 per cent recovery 
for the 2P and 5P quadrant indicates that some of the 
oil produced from Wells 2P and 5P must have moved 
from outside this quadrant. 

With normal methods of production, a recovery of 
10 to 15 per cent of the oil in place could be expected 
in the life of the field (40 to 60 years). Of course, the 
cost per barrel of oil was far higher for thermal recovery 
than for normal production. 


GAS PRODUCTION 


Fig. 12 presents the gas production rates from pattern 
production wells. The top plot of this figure presents 
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TABLE 2—OIL PRODUCTION DURING COMBUSTION THROUGH 
NOV. 15, 1957 


Oil Recovery 


Quadrant Barrels Per cent of oil initially in quadrant bbl/acre-ft 
1P 8,360 29 490 
2P + SP 38,550 96 1,650 
SP + 6P 17,250 41 710 
4P 9,790 29 500 
Totals 73,950 51 880 


the gas production rate from Well 1P. Little gas was 
produced until a few months before arrival of the burn- 
ing front late in Nov., 1957. 

The second plot of Fig. 12 presents gas production 
tates from Wells 2P and SP. The main feature of gas 
production from the 2P-SP quadrant was a rapid rise 
in gas rate coincident with arrival of the burning front 


in Oct., 1956. Thereafter the rate was restricted by the 


producing pressure used in flowing the wells. 

The gas production rate from Wells 3P and 6P is 
shown in the third plot of Fig. 12. Gas production at 
Well 3P increased following arrival of the burning 
front in Sept., 1956. The erratic nature of gas produc- 
tion after arrival of the burning front was a result of 
production difficulties discussed in connection with 
liquid production. Gas production from Well 6P was 
not significant until this well was swabbed in and started 
flowing in late May, 1957. It appears that the burning 
- front was near Well 6P at completion and moved 
rapidly into the well in May, 1957. 

The last plot of Fig. 12 shows the gas production 
rate from Well 4P. The burning front reached Well 
4P about March, 1957. The gas production rate varied 
after front arrival depending upon condition of the well. 

Thus, a rapid increase in gas production rate was 
generally found at burning front arrival, but gas rates 
remained relatively constant after the initial rise. An- 
other observation is that gas production rates from 
pattern wells were quite different, and the result was 
different burning front velocities toward the production 
wells. 

Fig. 13 presents the total pattern gas production rate 
in Mscf/D and in per cent of the air injection rate. 
The gas production rate was only 20 per cent of the 
air injection rate from Dec., 1956, through Feb., 1957. 
At the end of February the gas production rate sud- 
denly dropped to less than 5 per cent of the injection 
rate. This drop was coincident with abandonment of 
Well 2P. Moreover, the gas production from outlying 
wells also dropped. It appeared that gas was leaking 
from the 700-ft test zone to non- -oil-bearing sands above 
the test zone. 

When Wells 5P and 6P were placed on production 
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in late April, 1957, the total pattern gas production 
rate increased. By Sept., 1957, the gas rate was 50 per 
cent of the injection rate. But a lack of gas production 
from outlying wells indicated a leak was still significant. 
After extensive investigation it appeared that Well 2P 
was the probable source of the leak. Well 2P was 
re-entered in mid-Sept., 1957. This job was difficult and 
expensive and illustrates conditions that may be en- 
countered in working on damaged wells. After the 
cement plug was drilled out, milling on junk was started. 
At 500 ft mud circulation was lost and the well blew-in 
briefly before the blow-out preventer was closed. After 
a hole in the casing was plugged with cement, milling 
proceeded to 600 ft, where severe lost circulation again 
occurred. This time two successive cement jobs were 
unsuccessful. Cement and mud dropped so fast a 
vacuum was pulled on the wellhead. Finally, a third 
cement job appeared satisfactory and it was possible to 
hold pressure on the wellhead. The final tally was 2,500 
bbl of mud and 1,000 sacks of cement used. Indications 
were that the leak was at least partially plugged and 
work was stopped. Outlying wells then began to show 
increasing gas production rates and by Oct., 1957, the 
total gas production rate, including both pattern and 
outlying wells, was 70 per cent of the air injection rate. 


GAS ANALYSIS AND FUEL CONSUMPTION 


Fig. 14 presents oxygen and carbon dioxide content 
of the produced gas from the pattern wells. After igni- 
tion the per cent oxygen dropped rapidly to zero for all 
production wells and remained there until burning front 
arrival. Correspondingly, the per cent carbon dioxide 
increased rapidly to about 15 per cent and remained at 
that level to near breakthrough of the burning front. 
Only occasional indications of oxygen were found in gas 
streams from wells ahead of the burning front. This 
leads to the conclusion that the injected air generally 
passed through the front, that the front was continuous, 
and that oxygen usage was almost complete. 

Through Nov. 15, 1957, the fuel consumed as cal- 
culated from gas produced from pattern wells only, 
amounted to 5,380 bbl of oil. Because of the uncer- 
tainty of the composition of the gas which was not 
produced from the pattern, the total fuel consumption 
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could range from 15,700 to 22,600 bbl. It is believed 
that the best estimate of the total fuel consumed through 
Nov. 15, 1957 is 15,700 bbl, 14.7 per cent of the oil 
initially in place in the volume burned. 


AIR-OIL, GAS-OIL RATIOS 


The “current” ratio of injected air to produced oil, 
the current ratio of produced gas to oil, and the cumu- 
lative ratio of injected air to oil are shown in Fig. 15. 
The heavy solid line presents the cumulative ratio of 
injected air to produced oil. Because the cost of com- 
pressing air is one of the major factors in economic 
consideration of this process, this curve is significant. 
The cumulative ratio of injected air to produced oil was 
19 Mscf/bbl at the end of the experiment. This value is 
probably high because of a gas leak from the pattern. 
The current ratio of injected air to produced oil was 
less than 15 Mscf/bbl for a large portion of the com- 
bustion phase, and particularly during the time that the 
major part of the total oil recovery was realized after 
mid-April, 1957. The current ratio of produced gas to 
oil for the entire pattern is shown by the lowest line in 
Fig. 15. During most of the combustion phase the 
current ratio of produced gas to oil was on the order 
of 5 Mscf/bbl. 


OIL CHARACTERISTICS 


Table 3 presents the average properties of the initial 
crude and thermal recovery oil. The gravity of the 
thermal recovery oil produced through Nov. 15, 1957, 
averaged 14.2° API. After burning front arrival, a con- 
densate of 35° to 38° API gravity was produced with 
the gas in a concentration of 0.1 gal/Mscf. It is esti- 
mated that the total quantity of condensate exhausted 
with the produced gas would result in an increase in 
the average thermal recovery oil gravity by 1° API. It 
did not appear economically feasible to recover this 
condensate, however. 

A significant change in oil viscosity accompanied 
the gravity increase. If it is assumed that the formation 
temperature in the vicinity of a “hot” production well 
during combustion was 160°F, a conservatively low 
estimate, viscosity information in Table 3 indicates a 
reduction from 2,700 cp for initial oil at the initial 
formation temperature to 54 cp, a reduction in viscosity 
by a factor of at least 50. 


In regard to oil composition, both the gasoline and 
diesel oil cuts increased at the expense of the residua. 
Although a measurable improvement in produced oil 
resulted, such a change may not increase the commer- 
cial value of the crude. Refinery evaluations of the com- 
bustion crude indicated that it was compatible with 
other stocks, but would require additional processing. 

The initial water cut of produced liquids was only 
4 per cent. But, as the burning front approached a pro- 
duction well, the water-oil ratio increased because all 
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TABLE 3—CHARACTERISTICS OF INITIAL OIL AND AVERAGE OIL 
PRODUCED BY THERMAL RECOVERY THROUGH NOV. 15, 1957 


Average gravity, Initial Oil Thermal recovery oil 


°API at 60°F 12.9 14.2 
Viscosity of dead oil, 
cp at 87°F 2,700 800 
120°F 540 200 
160°F 120 54 
Composition, volume per cent 
Gasoline 0.5 2.0 
Diesel Oil 29:5 38.0 
Residua 70.0 60.0 


connate water and water of combustion was moved 
ahead of the high temperature burning front. Water-in- 
oil emulsion became increasingly severe. Emulsions as 
high as 40 to 50 per cent water were common. How- 
ever, the water content of lease shipments was main- 
tained below 2 per cent after March, 1957, by addition 
of emulsion-breaking chemicals. 


POST THERMAL RECOVERY CORING 


Starting in early Sept. through Nov., 1957, three core 
holes were drilled and observation Wells 1T, 2T and 
3T were sidewall cored to determine the reduction in 


oil saturation and the vertical thickness burned within 


the test pattern. The locations of these core holes are 
shown in Fig. 1. 

As a result of coring it appeared that 15-to 25 ft 
of the top of the interval was burned at Well 1T, the 
top 13 ft of the interval was swept by the burning front 
at Wells 2T and CH2, the top 10 ft was burned at 
Well CH3, 8 ft was burned in the top portion of the 
interval at Well 3T, while only 3 to 4 ft was burned 
near the top of the interval at Well CH4. 

Figs. 16 and 17 present the results of core analyses 
and logs from these wells. The first column of graphs 
shows the oil saturation obtained from core analyses of 
sidewall samples. The second column presents the resis- 
tivity logs, while the third column presents neutron logs. 
The burned and not-burned intervals are noted on the 
shaded bands. 

The oil saturation throughout the burned interval 
was found to be low in each well, often less than 2 to 
3 per cent of pore volume. A coke deposit was gen- 
erally found above and below the burned section. Coked 
sections were also found within the burned interval at 
Wells 1T and 2T. Generally, there appeared to be a few 
feet of a wet, depleted zone below the burned sand 
which may have resulted from a steam drive or evapo- 
ration of oil into the burned interval. The remainder 
of the unburned interval contained oil, but was de- 
pleted. The oil content of the not-burned portion of the 
interval ranged from 560 to 780 bbl/acre-ft, The 
average oil content of the unburned portion of the 
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interval for the six wells cored was 660 bbl/acre-ft, or 
about 38 per cent of the estimated initial oil content of 
1,720 bbl/acre-ft. Again, it is possible that cores were 
pa and the oil saturations reported might be too 
ow. 

Ignition studies of coke-bearing samples indicated 
coke deposits ranging from 1.0 to 5.4 lb/cu ft of bulk 
volume. Extremely high coke deposits of 8.9 to 14.2 
Ib/cu ft were found in several samples which appeared 
to be composed mainly of claystone or fine silt. The 
atomic hydrogen-to-carbon ratio of the coke was deter- 
mined to be 1.67. The computed specific gravity of the 
coke varied considerably, but averaged 1.38. 

The resistivity logs indicated extremely high resistivity 
for the burned interval; on the order of 100 to 500 
ohm-m. The initial resistivity of the formation was 
approximately 50 ohm-m. Thus, the resistivity log 
was useful for determining the vertical location and 
thickness of the burned interval. 

The neutron log also showed high deflection over the 
burned interval as a result of the low water and oil 
content of burned sand and consequent low hydrogen 
density. 

Fig. 18 presents an interpretation of the location of 
the burned sand and residual oil saturations through- 
out the test area. This plot was prepared from “as 
received” core data and other information obtained 
during the test. The dashed lines represent lines of 
constant burned thickness. Average oil saturations of 
cores are shown for the entire sand interval. It is esti- 
mated that the burning front moved over 6.3 acres in 
areal extent, far beyond the test pattern area of 2.5 
acres. The average thickness of the burned region ap- 
peared to be 10 to 15 ft, and the total volume burned 
was 56 acre-ft. The region outside the perimeter of the 
burned region is shown as an “oil bank” since there 
~ was a net efflux of oil from the burned region. 

Table 4 presents a material balance on oil and water. 
When the sum of produced oil, fuel and apparent resi- 
dual oil is subtracted from the original oil within the 
perimeter of the burning front, it appears that there 
was a net efflux of oil from the burned region of 73,880 
bbl. Apparently, movement of the burning front dis- 
placed a quantity of oil outside the burned area which 
was equal in volume to that produced. 

Restricting attention to the test pattern area enclosed 
by Wells 1P, 5P, 6P and 4P, shown in Fig. 18, the 
following conclusions may be reached. Of the 84.2 
acre-ft of reservoir volume within the test pattern, 33.3 
acre-ft were burned. Apparent average residual oil con- 
tent of the test pattern was 715 bbl/acre-ft, about 40 
per cent of the original oil content. This corresponds 
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to a residual oil content of 60,440 bbl. Prorating the 
oil consumed as fuel between the test pattern area and 
the surrounding area results in an estimated fuel con- 
sumed within the test pattern of 9,300 bbl. The total 
oil produced, 80,580 bbl, fuel, and residual oil, ex- 
ceeds the initial pattern oil content by 5,320 bbl. 


SAFETY PRECAUTIONS 


During the experiment, hot, burned intervals were 
cored and wells damaged by high temperatures and 
corrosive conditions were successfully repaired by con- 
ventional rotary drilling with mud circulation. Although 
lost circulation of mud and brief blowouts were en- 
countered, no hazardous conditions resulted when ade- 
quate blowout preventers were used. 

At the initiation of air injection, produced gas was 
passed through a flame arrestor and flared. Produced 
gases should be exhausted so as to avoid accumulation 
of explosive or toxic gases. Detection instruments and 
technical information on toxic and combustible gases 
were used by employees at the test site. 

Oil can ignite spontaneously in a compressed air 
system. This possibility was reduced by avoiding (1) 
excessive use of lube oil through careful adjustments 
and maintenance of equipment, (2) accumulation of oil 
in the compressed air lines, and (3) volatile lube oils. 


CONCLUSIONS 


It is not possible to translate the cost of this research 
experiment generally into the cost for commercial 
developments. The instrumentation and technical super- 
vision used was far in excess of what would be necessary 
for commercial development. Furthermore, it is difficult 
to determine to what degree conclusions are specific 
to the South Belridge field and the specific well pattern 
employed, and to what degree they are generally true. 
At this stage of development of the process, it is 
believed wise to consider most results specific to South 
Belridge, both in regard to the test sand and the well 


TABLE 4—MATERIAL BALANCE ON OIL AND WATER 
THROUGH NOY. 15, 1957 


1. Oil and water produced 


Period Oil (bbl) Water (bbl) 
Normal production 3,680 175 
Air injection 1,440 40 
Combustion 75,460 42,590 
Total 80,580 42,805 
2. Oil consumed as fuel, bbl 15,650 
Water produced by combustion of 
fuel, bbl 16,250 
3. Apparent residual fluid within i 
perimeter of burning front, bbl 155,890 174,445 
4. Apparent liquid moved outside 
perimeter of burned area, bbl 73,880 0 
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pattern used. As more field experience is accumulated, 
it should be possible to sort general truths from peculiar- 
ities of particular sites and experiments. Conclusions 
reached from the Belridge experiment include the fol- 
lowing. 

1. Air injection prior to ignition had no significant 
effect on oil rates. 

2. “Slow” oxidation of the oil in the formation by air 
occurred at pressures of 200 psi and at formation tem- 
perature. The heat generated by this slow oxidation was 
sufficient to raise the formation temperature to the 
point that spontaneous ignition occurred near the injec- 
tion well. 

3. Immediately following ignition no serious fluid 
blocking near the injection well was experienced. 

4. Oil production rates began to increase soon after 
ignition. The oil moved more readily than would be 
expected from oil production rates before ignition. 

5. Wells must be able to produce at rates about equal 
to the rate of oil displacement. Frequent well stimula- 
tion work was necessary to maintain adequate oil rates. 

6. The average oil rate during combustion was seven 
times the average rate before ignition. 


7. Pattern oil recovery was about 880 bbl/acre-ft or 
51 per cent of the oil in place initially. 

8. It appears that the burning front was moved as 
far as 400 ft from the injection well, and that a total 
area of 6.3 acres was swept by the burning front. 


9. The burned interval was limited to less than half 
the net sand interval over most of the burned region. 


10. The oil content of the unburned portion of the 
interval was less than half the initial oil content. 


11. Both resistivity and neutron logs were found use- 
ful in defining the vertical position of the interval 
burned. 


12. The velocity of the burning front ranged between 
0.4 and 3 ft/day between the injection and production 
wells with the air injection schedule employed during 
this test. 


13, Oxygen was not observed in gas produced from 
wells ahead of the burning front. It appears that all the 
injected air passed through the burning front, with 
the possible exception of air which leaked from the 
test pattern. The burning front remained continuous 
throughout the life of the test. 


14. The pressure in the burned region was essen- 
tially equal to the injection well pressure until the 
burned region near Well 1I became plugged, presum- 
ably by condensed water and lube oil from the com- 
pressors. 


15. Burning resumed satisfactorily following a three- 
day shut down of air injection. 


16. It was not possible to effect significant control of 
directional movement of the burning front in this test 
by throttling produced gas. 


17. Gas production rates were high enough to flow 
producing wells after burning front arrival. 


18. High temperatures and corrosive conditions in 
producing wells created extremely severe well main- 
tenance problems which led to well failures. Stainless 
steel liners installed in replacement wells gave much 
better service than the conventional steel liners of the 
original wells. 


19. The bulk of oil production came after the burn- 
ing front reached the production wells. 
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20. The cumulative ratio of injected air to produced 
oil was 19 Mscf/bbl at the end of the experiment. This 
value may be high because of a gas leak from the pat- 
tern. The current ratio of produced gas to oil averaged 
about 5 Mscf/bbl. 

21. When the burning front approached a production 
well, the water cut increased and water-in-oil emulsion 
became a serious problem. 

22. Despite the high formation temperatures and 
permeability, the burned zone was cored and hot wells 
were worked over using conventional field practices. 
As with any other field in which gas pressure may 
cause a loss in fluid column density, or high permeability 
may result in appreciable fluid loss, blowout equipment 
should be used. 
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Effect of Fractures on Sweep-out Pattern 


ACCT. 


It has been suggested that forma- 
tion fractures created by well stimu- 
lation treatments will adversely af- 
fect sweep-out efficiency in injection 
operations. Fluid-flow model studies 
involving vertical fractures of various 
lengths and fluid systems of various 
mobility ratios have been carried out 
to study this subject. In addition, lim- 
ited data have been obtained on one 
model containing a horizontal frac- 
ture. It was found that relatively long 
-and highly conductive fractures (not 
generally obtained in fracturing oper- 
ations) were required to affect the 
sweep-out efficiency substantially. 

In a given case in the field an ap- 
proximate distinction can be made 
between the presence of long con- 
ductive fractures and shorter or less 
conductive ones. This is done with 
pressure build-up analyses along with 
data on the relationship of fracture 
length and conductivity to well pro- 
ductivity. This type analysis shows 
that usually the fractures induced are 
either short or of limited conduc- 
tivity and therefore do not damage 
sweep-out efficiency. 


INTRODUCTION 


Improved well productivity and in- 
jectivity can frequently be exploited 
in injection operations. Higher total 
throughput can yield improved eco- 
nomics. On occasion, the achieve- 
ment of an increased productivity or 
injectivity in specific wells can bring 
about a more uniform sweep of the 
reservoir. Higher rates can be ex- 
ploited particularly in water floods of 
“depleted” reservoirs where a rapid 
“fill-up” is desired and where low 
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pressures contribute to low well pro- 
ductivity. The creation of fractures 
local to the wellbore is an excellent 
means for achieving these objectives. 
Even though fracturing has been em- 
ployed in some floods with suc- 
cess,’”’’ there still seems to be some 
reluctance to employ this tool for 
fear of undue damage to the flood 


\ 


pattern and ultimate recovery. We — 


therefore need to examine the influ- 
ence which fractures of varying 
length may have on flood perform- 
ance and then determine the length 
of fractures which obtain in the field 
with conventional fracture treat- 
ments. 


A substantial influence of fractures 
on the recovery obtained at break- 
through of the injected fluid has been 
presented by Crawford and Collins 
for equal fluid mobilities for the line- 
drive pattern.” In addition, the in- 
fluence which a fracture has on the 
production performance after break- 
through and on the ultimate recov- 
ery warrants consideration in reach- 


ing a conclusion concerning the use 


of induced fractures in flooding op- 
erations. This report presents this 
type of data for the five-spot injec- 
tion pattern for several fluid mobili- 
ties. 

In arriving at some conclusion 
concerning the fracture lengths ob- 
tained in field operations we must 
examine the performance character- 
istic most affected by the fracture. 
This is the change in the flow system 
as reflected in the change in produc- 
tivity and pressure build-up behavior. 
A study of these changes is also pre- 
sented in this report. 


RESERVOIR ANALOGS 


The X-ray shadowgraph technique, 
employing miscible displacement in 


1References given at end of paper. 


porous models, has been used in the 
study of the influence of fractures 
on pattern sweep-out efficiency. The 
X-ray shadowgraph procedure is de- 
scribed in detail in an earlier report’. 
Fractures were represented by leav- 
ing the proper portion of the model 
surface exposed to either injection or 
production. This assumes the fracture 
resistance to be negligible compared 
to that of the formation. Actually the 
flow resistance in propped fractures 
obtained in the field is sometimes not 
negligible so that the results with this 
model indicate the maximum influ- 


ence of the fracture. 


Two types of models were neces- 
sary to represent vertical fractures 
in a five-spot flood. These pattern 
elements are illustrated in Fig. 1. In 
studying the influence of the horizon- 
tal fracture, only one well spacing 
length to thickness ratio of 50 was 
used. 


The pool unit of a Carter Electric 
Analyzer was used in studying the 
influence of fractures on productivity 
and build-up behavior. The square 
drainage system of a well was repre- 
sented by a network of 576 elements 
of equal volume and resistance. One- 


fourth of this drainage area was 


studied as a model unit using a net- 
work of 144 condensers and resis- 
tors. Vertical fractures were repre- 
sented by a shunt directed from the 
well perpendicular to the drainage 
boundary. Horizontal fractures were 
represented by a circular shunt. Re- 
sistance of a shunt was varied in rep- 
resenting different conductivities for 
the fractures. 


FRACTURE DIRECTION AND 
LENGTH 


The direction at which a vertical 
fracture extends into the formation 
and its length and conductivity in- 
fluence the sweep behavior. The two 
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extremes in direction are illustrated 
for the five-spot in Fig. 1 where in 
one case the fractures “point” toward 
the offset wells and in the other case 
the fractures point between the offset 
wells. 

For the favorable direction (be- 
tween wells) a fracture length up to 
three-fourths of the distance between 
the well and the element boundary 
was shown to have little effect on 
the sweep-out behavior. This is illus- 
trated in Fig. 2 for a system with a 
mobility ratio of about one. Such 
fractures could be employed for rate 
stimulation without harm to the 
flood. 

In the event the fracture is di- 
rected in an unfavorable direction 
(toward an offset producing well), 
the breakthrough recovery is reduced. 
On the other hand the recovery af- 
ter breakthrough is increased so that 
the total recovery approaches that of 
an unfractured pattern. This is illus- 
trated in Fig. 3. A long fracture out 
to half the distance to the offset 
well does not harm ultimate recov- 
ery. However, the injection volume 
must be increased. For example, the 
volume injected for a fracture length 
of one-half is 20 per cent greater 
than that for the unfractured pattern. 
The throughput rate for the opera- 
tion using fractures, however, would 
_ be about twice that of the unfrac- 
tured case; thus more recovery could 
be obtained at any given time. A 
similar behavior is illustrated for a 
horizontal fracture with a length of 
one-half, Table 1. 

Fractures of greater length and of 
limited conductivity would also be 
expected to yield similar results. A 
limited conductivity is expected to 
be the more normal result in field 
fracturing operations. If longer frac- 
tures of high conductivity are ob- 
tained in the unfavorable direction, 
the ultimate recovery can be re- 
duced. This is illustrated for a frac- 
ture length of three-fourths in Fig. 3. 


MOBILITY RATIO 


Several earlier papers have re- 
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ported the effect of fluid mobility 
ratios on flood pattern behavior in 
the absence of fractures.”* For the 
fractured well case where the direc- 
tion of the fracture (between wells) 
does not significantly influence the 
sweep behavior, the previous data 
can adequately describe the influence 
of the fluid mobilities on the oper- 
ation. The effect of varying mobility 
ratios has been studied for the case 
in which the fracture direction is of 
significance (toward wells). The re- 
sults for_one particular fracture 
length of one-half are illustrated in 
Fig. 4. Favorable mobility ratios, ex- 
pressed as mobility ratios less than 
one, reduce the throughput for a giv- 
en recovery. Those greater than one 
add to the amount of throughput, 
with ratios greater than three re- 
ducing somewhat the ultimate recov- 
ery. With unfavorable mobility ratios 
a fracture length of one-half can still 
be used with little harm to the flood. 
The effect of mobility ratio and addi- 
tional fracture lengths on flood be- 
havior are illustrated in Table 1 for 
breakthrough and ultimate recovery. 
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FRACTURE LOCATION — 
INJECTION WELL OR 
PRODUCING WELL 


A fracture placed in a producing 
well does not yield the same flow 
system as when placed in an injec- 
tion well. Flood performance need 
not be the same for these cases. The 
flood performance for each fracture 
location was studied. These are sum- 
marized in Table 1. When the frac- 
ture is directed between offset wells 
the flood performance for each type 
of fractured well is about the same 
as for the unfractured reservoir. 
However, if the fracture is directed 
toward the offsct well a more pro- 
nounced difference in flood behavior 
arises between the two fracture lo- 
cations when the mobility ratio is 
other than one. With unfavorable 
mobility ratio (higher mobility in 
swept region) the flood behavior is 
more favorable with the fracture 
placed in the producing well than it 
is when the fracture is placed in the 
injection well. When the mobilities 
are favorable the location of a frac- 
ture in the injection well yields 


TABLE 1—BREAKTHROUGH AND ULTIMATE RECOVERY, FRACTURED FIVE-SPOT 


Area Swept, per cent Throughput at 
90 per cent cut 90 per cent cut 


Well Fracture* Fracture Mobility Break- _ of injection displaceable 
fractured element length ratio through fluid volumes 
Injection T Vy 3 39 92 2:2 

V4 1.1 45 96 WZ 
0.3 87 97 
VW, 0.1 93 98 1.0 
3 28 92 
Vp 1.1 37 96 1.8 
0.3 57 97 
0.1 88 98 
i 3 10 83 3.8 
0.3 23 96 
0.1 33 97 
Production T Vy 3 40 88 1.9 
Ws 1.1 43 95 1.6 
Vy 0.3 63 97 1.2 
0.1 78 98 1.1 
Vp 3 22 92 2.1 
V2 1.1 24 96 
VY 0.3 35 98 es} 
Vp 0.1 38 98 1.2 
fy 3 9 87 3.3 
% leq 13 94 2.3 
% 0.3 15 96 1.8 
%, 0.1 18 98 1.8 
Unfractured 3 56 92 2.2 
1.1 72 99 1.8 
0.3 83 99 13 
0.1 99 99 1.0 

Injection Radial VY, 1 30 
(Horizontal) 29 

*See Fig. 1. 
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slightly better pattern results than 
when placed in the producer. These 
are illustrated in Fig. 5. 

These statements refer to the more 
important performance as reflected 
-by producing cut after breakthrough 
and ultimate recovery. The relatively 
unimportant breakthrough points 
shown in Table 1 sometimes show 
contradictory performance, reflecting 
a difficulty in picking the break- 
through point in the laboratory mod- 
els using miscible phase displace- 
ment. There is no difficulty in deter- 
mining the area swept as a function 
of throughput and in reflecting the 
production of any significant amount 
of injected material present in the 
producing stream. 

No models were studied in which 
both the injection well and producing 
well were fractured. Neither well 
alone adversely affects the flood if 
the fracture length is less than half 
the distance between wells. It was, 
therefore, thought that this same 


length if divided between the two- 


wells would also not adversely af- 
fect the flood. 


FRACTURE INFLUENCE IN 
WELL PRODUCTIVITY 


In reaching a conclusion concern- 
ing the use of fractures in flooding 
operations it is desirable to know the 
kind and extent of fractures which 
result from normal fracture treat- 
ments. Well productivity and pres- 
sure build-up tests which measure 
the effective flow near and far from 
the well can indicate the alteration 
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in these flow regions resulting from 
fracturing operations. The develop- 
ment of the influence of various 
fractures on the productivity and 
build-up tests should make those tools 
useful for this purpose. A study of 
this was undertaken with an electri- 
cal analog model. 


The kind of fracture, horizontal 
or vertical, and its length and con- 
ductivity relative to that of the for- 
mation control the magnitude of the 
increase to be obtained in a fractured 
well’s productivity. The influence of 
these variables on productivity as 
obtained by the analog model is il- 
lustrated in Fig. 6. The ratio of the 
productivity of the fractured well to 
that of the unfractured well is il- 
lustrated for two significantly differ- 
ent fracture conductivities. The frac- 
ture conductivity (C) is expressed as 


the width of the fracture in feet times — 


the permeability of the packed frac- 
ture divided by the permeability of 
the formation. It was considered that 
at conductivities over 10,000 the frac- 


ture resistance to flow is negligible 


and therefore no additional studies 
need be made for greater values. 
The unfractured well productivity 
value is for a well which has a ratio 
of well drainage radius (well spacing 
distance/2) to wellbore radius of 
2,800. The curve of Fig. 6 can be 
used to approximate other ratios of 
radii of 2,000, 4,000 and 8,000 by 
multiplying the productivity ratio by 
.96, 1.05 and 1.15, respectively. 

We could use these relationships 
to estimate fracture length providing 
that an estimate can be made of 
fracture conductivity and orientation 
(vertical or horizontal). These can 
be estimated satisfactorily in some 
cases. However, the most effective 
and reliable use, considering uncer- 
tainties in making the above esti- 
mates, is to set upper limits on frac- 
ture lengths by observing produc- 
tivity increases and estimating a 
range of conductivities likely to 
bracket the actual one. This can be 
done best for lower productivity in- 
creases, i.e. two- to threefold. 

For example, this study shows that 
considering fracture conductivities 
expected in most field operations, 
productivities up to about a twofold 
increase would indicate short frac- 
tures (less than 10 per cent penetra- 
tion). This is true in the absence of 
damage or improvement at the well 
for horizontal or vertical fractures. 
Fracture conductivities expected in 
most field operations with conven- 
tional treatments (20 to 40 mesh 
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sand) are in the range, 30 to 2,000.* 
This follows from (1) most forma- 
tions fractured are in the 1- to 100- 
md range, (2) a 20- to 40-mesh sand 
pack has a permeability of 100,000 
to 150,000 md, and (3) propped 
fracture widths are indicated by the- 
oretical calculations and field obser- 
vations to be a few tenths of an inch. 


Increase in productivity greater 
than about twofold may arise from 
either relatively long, low conductiv- 
ity fractures or from relatively short, 
high conductivity fractures or some 
intermediate combination. Unless 
good estimates of conductivity and 
orientation (vertical or horizontal) 


can be made in these cases, the frac- 


ture length cannot be estimated very 
well. 


It is important to know whether or 
not a well has improvements or 
blockage local to the wellbore prior 
to fracturing if productivity changes 
are used to determine the vresence of 
short or long fractures. For example, 
if a well has local blockage a sev- 
eral-fold change in productivity is 
possible through the establishment of 
a short fracture that effectively elim- 
inates blockage. If no blockage were 
assumed, this might be erroneously 


*Most notable exceptions occur in some 
high permeability Gulf Coast sands. This leads 
to very low conductivities (conductivity of 
fracture has been defined in this paper relative 
to formation permeability as conductivity = 

(md) fracture permeability X width (feet), 


formation permeability (md) 
and even very long fractures give only about a 
twofold increase. In this case an upper limit 
on fracture length cannot be set, but for 
20- to 40-mesh sand fractures the conductiv- 
ity is probably too low to affect sweep-out 
seriously even for long fractures, 


247 


- 30 = 
| -M=1 M=3 | | 
25 | | 
| 
| | | | 
2 SS 
1.0 


interpreted as indicative of a long 
fracture. 

Similarly, if improvement were 
present prior to fracturing, a two- 
fold increase in productivity would 
mean a long and relatively conduc- 
tive fracture. If no improvement were 
assumed this would be erroneously 
interpreted as reflecting a short frac- 
ture. Productivity and build-up tests 
obtained prior to the fracture treat- 
ment can be used to evaluate any 
blockage or improvement that might 
exist around the well prior to frac- 
turing by either of the methods now 
in use in the industry.”” 


FRACTURE INFLUENCE ON 
PRESSURE BUILD-UP 


Build-up curves are used by the 
industry to measure the in-place per- 
meability in regions near and far re- 
moved from the wellbore. The slope 
of the straight-line portion of the 
plot of pressure vs log time has been 
shown to be independent of reason- 
able changes in permeability near the 
wellbore.” As longer fractures are 
achieved with increasingly larger 
fracture fluid volumes and rates, the 
slope of the build-up curve must be 
changed from that of a radial flow 
system to, in the extreme, that of a 
linear flow system (100 per cent 
fracture penetration of high conduc- 
tivity). The electrical analog model 
was used to examine the influence of 
fracture length and conductivity on 
the slope of pressure build-up curves. 

Fig. 7 illustrates the change which 
occurs in the position of the build- 
up curve for vertical fractures of dif- 
ferent lengths (case of highly con- 
ductive fractures). The change in 
slope is also a function of the con- 
ductivity of the fracture. This is il- 
lustrated for a completely penetrat- 
ing vertical fracture in Fig. 8. For 
example, a completely penetrating 
fracture with a conductivity of 200 
has the same effect as a highly con- 
ductive fracture of 30 per cent pene- 
tration. 

Fractures that extend beyond a 15 
per cent penetration alter the posi- 
tion and slope of the straight-line 
portion of the build-up curve. These 
changes need to be included in the 
determination of both the effective 
permeability of the formation and 
any calculation of final build-up 
pressures. 


FRACTURES ACHIEVED IN 
THE FIELD 


The sweep-out pattern studies in- 
dicate that fracturing can be em- 
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ployed in flooding operations with- 
out any harm to the flood provided 
the fracture is short (less than one- 
half if either injection or producing 
well is fractured or less than one- 
fourth if both are fractured). Pres- 
sure build-up tests (used mainly to 
establish the absence or presence of 
wellbore damage prior to fracturing) 
and productivity tests before and af- 
ter the treatment will permit differ- 
entiation between long and _ short 
fractures in the fashion already dis- 
cussed. Where it can be shown that 
conventional fracturing techniques 
result in short fractures, such treat- 
ments could be applied with confi- 
dence in improving a flooding op- 
eration. 

An analysis of a large number of 
pressure build-up curves by an in- 
dustry study group has shown that 
on the average, up to 1955, fractur- 
ing had achieved less than a two- 
fold increase in productivity.” This 
indicates fractures which do no harm 
to flood pattern behavior. This is 
in line with our own observations on 
build-up analyses in our company. It 
has-usually been difficult to establish 
a long, effectively conductive frac- 
ture. This is also suggested by an 
analysis of the mechanics of frac- 
turing techniques. Some of the pro- 
ductivity increases reported in the 
survey” were in excess of twofold. 
Also probably an up-to-date survey 
would show more cases with greater 
increases because of the trend of 


using larger treatments. For these 
cases we cannot draw firm conclu- 
sions about sweep damage because it 
is more difficult to establish fracture 
length from well test data, and we 
have no sweep-out model results for 
limited conductivity fractures. It is 
obvious though that our infinite con- 
ductivity fracture sweep-out studies 
lead to a conservative conclusion. So, 
even fracture increases somewhat be- 
yond twofold probably do not in- 
dicate sweep damage is to be ex- 
pected. However, the prolonged 
maintenance of a high injection pres- 
sure with the water or gas being used 
in an injection operation may pos- 
sibly create long and harmful frac- 
tures. 


CONCLUSIONS 


Short fractures (a fracture length 
up to about one-half), either hori- 
zontal or vertical, can be used in 
flooding operations for the pattern 
studied (five-spot) to gain an in- 
crease in injectivity or productivity 
without any serious harm to sweep- 
out pattern. 

A long fracture (a fracture length 
greater than about one-half) does not 
harm the sweep if it is directed be- 
tween producers. If it is directed 
towards a producer, the throughput 
volume necessary to attain a given 
recovery is increased. The ultimate 
recovery will not be significantly re- 
duced until the fracture length ex- 
ceeds three-fourths. 

Productivity and pressure build-up 
tests obtained prior to and following 
a fracture treatment on a well can be 
used to differentiate between a short 
or long fracture in the reservoir in 
many cases. 

Conventional fracture treatments 
seem to achieve only short fractures 
usually and consequently their use 
in flooding operations would not ad- 
versely affect the flood. 


NOMENCLATURE 


Fracture 
length (L) = fraction of dis- 
tance between 
fractured well 
and boundary 
of element in 
flood pattern 
(note reference 
lengths differ 
for the two ele- 
ments of Fig. 


1) 


*See AIME Symbols List in Trans. AIME 
(1957) 207, 368, for other symbol definitions. 
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Fracture 


penetration (P) 


Fracture 


conductivity (C) 


Mobility 


= per cent of dis- 


tance between 
well and drain- 
age boundary 
in build-up an- 
alyses 


= measure of the 


effectiveness of 
the flow in frac- 
ture relative to 
flow capacity 
of formation 
expressed as 
permeability of 
fracture times 
the width of 
fracture in feet 
divided by for- 
mation permea- 
bility 


ratio (M) = mobility (k,/p) 
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of swept region 
divided by mo- 
bility of un- 
swept region 


q = flow rate, stock 
tank barrels per 
day 

shut-in pressure 
at a time after 
shut in 

shut in time, 
hours 

l1=one-half well 

spacing dis- 
tance, ft 


Pw 


II 


t 
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Pressure Fall-Off in Water Injection Wells 
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A new theoretical treatment has been obtained for 
the behavior of pattern waterflood injection wells when 
closed in. Two cases are treated: Case 1 where oil and 
water are assumed to have the same properties, and 
Case 2 where they are different. In applying the method, 
one plots log (p — p.) vs closed-in time, where p is well- 
bore pressure at any time and p, is static pressure. The 
value of p, is determined by trial and error as that value 
which makes the plot linear at large time. A value for 
the permeability-thickness product can be determined 
from the intercept of this linear part, and a value of the 
skin factor from the injection pressure at time of clos- 
ing in. Application of the method to data from water 
floods at three fields seems to give reasonable results. 
For the case of unit mobility ratio, it is proved that 
this new method should give the same value for per- 
meability-thickness product as the conventional pressure 
build-up method. In addition, the new method gives 
correct values for static pressure, whereas the conven- 
tional method does not, often indicating negative static 
pressures. The new method may be used in cases where 
the surface pressure persists after closing in as well as 
in cases where it does not. 


It is of considerable interest and importance to be 
able to determine the characteristics of the reservoir in 
an area surrounding a water injection well. Thus, if we 
can determine early in the life of an injection well that 
there is a considerable “skin effect”, remedial measures 
can be started before a full-scale pattern flood begins. 
Similarly, if it can be shown that a gradual buildup of 
skin effect is occurring with time, measures to free the 
water of plugging material can be taken. Determination 
of static pressure in the water-injection well may show 
that the water is entering a thief zone and not the de- 
sired reservoir. Finally, determination of the permeabil- 
ity of the sand around the injection well will allow es- 
timation of the future relation between injection pres- 
sure and rate. 


It should be possible to determine average reservoir 
permeability, skin effect and static pressure from pres- 
sure fall-off data, However, at the time we began work 
on this subject, it was thought that no adequate theory 
on which to base such determinations was available. 


Original manuscript received in Society of Petroleum Engineers 
office July 17, 1957. Revised manuscript received July 7, 1958. Paper 
presented at 32nd Annual Fall Meeting of Society of Petroleum En- 
gineers in Dallas, Tex., Oct. 6-9, 1957. 
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According to the conventional method which considers 
the reservoir to be filled with one fluid of small com- 
pressibility (see Van Everdingen’*, Joers’, and Nowak’), 
shut-in pressure is plotted vs log [(t, + At)/At] where f, 
is injection time, and At is closed-in time. The physical 
significance of injection time, ¢., may well be questioned 
in this case, since in a reservoir completely filled with 
a single fluid (as required by this theory) and with in- 
put and output rates equal, the pressure behavior after 
an initial transient is independent of t,. Attempts by our 
Tulsa area to use this theory led to negative values of 
static pressure in most cases. 

Because of these limitations of the method discussed 
above, it was decided to attempt to develop a new theory 
of pressure behavior in water injection wells, one which 
would apply when there is a gas saturation, as is so 
often the case in water floods. 


In the following treatment the assumptions and basic 
equations are given first, then the method of application 
of the equations. A complete example is given to clarify 
details of application. All difficult mathematics has been 
placed in the appendices so that the reader can follow 
the text without difficulty. However, if he wishes only 
to apply the results without knowing the basis for them, 
he can learn how to do this from reading only the sec- 
tions entitled “Plotting of Experimental Results” and 
“Example.” 


ASSUMPTIONS AND BASIC EQUATIONS 


STATEMENT OF PROBLEM 


It will be assumed that a horizontal layer of constant 
thickness contains in its pore system a mixture of oil, 
gas and water. While water is being injected into this 
pore system through a well at constant rate, an oil bank 
is built up, gas being expelled from the space taken by 
the oil as shown in Fig. 1. The saturations within each 


1References given at end of paper. 


*Van Everdingen did not claim that. the theory he developed 
pond apply to water injection wells. Joers and Nowak did make 
e claim. 
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bank are assumed to be constant. The assumption will 
be made that the boundary between the oil bank and 
water bank and likewise the outer boundary of the oil 
bank are of circular cross section, concentric with the 
well as shown in Fig. 2. The pressure at the outer boun- 
dary remains constant and equal to the gas pressure. 
The water-oil interface and the outer boundary move 
outward while water injection continues. After a time, 
t., water injection is stopped. It is required to find the 
change in bottom-hole pressure in the closed-in well. 

First the case will be considered where the water 
and oil are assumed to have identical compressibility, 
viscosity and relative permeability. Then the case will 
be discussed where these physical properties are differ- 
ent for water and oil. 


EQUATIONS FOR CasE 1: PHYSICAL CONSTANTS OF —— 
WATER AND O1L ARE ASSUMED EQuaL 


We consider first the pressure build-up in the forma- 
tion during injection. In Appendix 1 it is shown that 
except in the beginning of the injection period the fluid 
behaves very nearly as if it were incompressible. The 
pressure distribution in the formation for an incompres- 
sible fluid is 


where the external boundary radius at injection time, 
t, is 


Further, taking account of the skin factor, S, the bot- 
tom-hole injection pressure is 


iy 


Let the well be closed in at time, t = ¢,. Then the 
outer fluid radius has grown to.a value which may be 
obtained from Eq. 2 by putting t= t,.. After the well 
is shut in, the compressibility has to be taken into ac- 
count. Then the pressure in the formation satisfies the 
equation, 


op. 1 op dpe ap 4) 
or’ r or 

After closing in, only the fluid remaining in tubing 
or casing flows into the formation, and this occurs at 
a decreasing rate. This amount of fluid is very small 
compared to the pore volume occupied by fluid in the 
formation. Further increase of r, is almost entirely due 
to expansion of the compressed liquid in the formation 
and may be shown to be comparatively small. Hence, 
the pressure at distance r, at time of closing in will not 
be much different from p, and will revert again to p, 
when the pressure stabilizes to p, everywhere in the 
field. Hence, only a small error will be made when, 
after closing in, the pressure is assumed to be equal 
to p, at the radius 7, at closing-in time.** 

Thus, we take as boundary condition, 

where r, has now a fixed value. 

In general, a surface pressure is required to main- 
tain the injection rate, i. Regarding this pressure there 


*In the theoretical developments quantities are expressed in the 
egs system of units. However, in equations which the engineer will 
use in applications of this work, quantities are expressed in com- 
mon engineering units: psi, ft, B/D, cp, sec, and md. Factors to 
affect the necessary conversions have been made in equations he will 
use. The units given under “‘Nomenclature’’ are correct for use in 
these equations of application. (Eqs. 11, 12, 18, 15, 17, 21, 22, 24, 
25 and 26). 

**With this assumption liquid is still allowed to flow across the 
fixed boundary, re, due to expansion. 
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are two possibilities to be considered after the well 
has been closed in. (1) The surface pressure decreases 
slowly and the well stays filled up to the top for con- 
siderable closed-in times. This would happen in the 
case of high reservoir pressures. Afterflow into the 
formation would then result only from expansion of 
the water in the well as the pressure decreases, (2) The 
surface pressure drops to zero a short time after closing 
in, after which the fluid level starts to sink. In this case 
the volume of inflow into the formation at any time is 
for practical purposes equal to the volume between the 


_ top of the well and the water level of the wellbore col- 


umn, the expansion of the water being comparatively 
negligible. 

If the surface pressure during flowing time is p, and 
the bottom-hole pressure p,, we have as initial closed-in 
condition for the bottom-hole pressure for Case A, 


and for Case B, 

It is shown in Appendix 2 that 

aD » op 

dt x[ 
where for Case A, 

8khpg 

pdic(p w P,) 
and for Case B, 

(8a) 


Note that the quantity, p,. — pr, in Eq. 8 is equal to 
the hydrostatic pressure, pgz.. Finally the bottom-hole 
pressure and the formation pressure at the well are 
connected by 


= pr.) 
Pe ) or T=Tw 


Eq. 4, together with Eqs. 5, 6, 7, 8 and 9, completes 
the system of equations we must solve. From this sys- 
tem the following formula for the well pressure is 
derived in Appendix 3. 


ice) 


Pw = Pe Ato 


n=1 
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where B, is defined in Appendix 3 by Eqs. 59, 60 and 
61. 


METHOD FOR APPLICATION OF CASE 1 

We have found that observed values of the bottom- 
hole pressure, p,, in an injection well closed in for 
time At can be fitted by a series of exponentials similar 
to the theoretical Eq. 10. 


— Bndt 
n 


—Brdt 
In actual examples usually only the first term, b,e ; 


is determined, this being sufficient to allow values of the 
permeability and the skin factor to be obtained in appli- 
cations of the theory. If we compare this first term 
with the first term, Bye~*\*’ in Eq. 10, we obtain 


Bi 


(11) 
b, iu 
As shown in Appendix 3, this can be reduced to 


and knowing kh we can find S from Eq. 3, which is, in 
practical units, 


r,  0.00708(p, — p.) 
§+1n (13) 


where r, may be calculated from 


W (5.615) 
# 
Eqs. 12, 13: and 14 are written for the following 
practical system of units: k in md, h in ft, iin B/D, W, 
in bbl, uw in cp, and 5, in psi. - 
The quantities, C,, C, and C,;, when expressed in 
practical units, become for Case A where the surface 
pressure persists after closing in, 


(14) 


C, = 19 


ip 


G = 0 
Po De 
C,= 1 

for Case B where the surface pressure drops to zero 


shortly after closing in, 


aB,b, 
194 : 
ip 
Di 
(15) 
Po — De 
G CG | 
and for both cases A and B 


Here d, is the diameter of tubing or casing expressed in 
inches, p is in gm/cc, c is in psi’, p is in psi, and 8, is 
expressed in sec”. When £, is expressed in (hours) * the 
factor (194) in C, should be replaced by 0.0538. The 
quantities p,, and p, should be taken at time of closing 
in. Note that p,, — p, is constant for Case A. 

In Case A and very often in Case B the quanti- 
ties, C,, C., C;, and 6 are small and f() can be taken 
equal to f(0) = 181. This means that the effect of the 
after flow into the formation is negligible. In that case 
we have simply, 
kh = 181 


b, 
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EQUATIONS FOR CASE 2: PHYSICAL CONSTANTS OF 
WATER AND Ort ASSUMED DIFFERENT 

In this case, we have to restrict ourselves to the limit- 
ing assumption that after closing in, no water flows 
from the well into the formation. The general problem 
where water is allowed to flow into the formation, 
though soluble, yields formulas too unwieldy to be of 
practical use. The restricted problem corresponds to the 
case where 6 is small in our first problem. We have 
observed that this occurs very frequently so the theory 
can still often be applied. 

First, we consider the flowing period. It does not 
seem easy to obtain a rigorous solution when both oil 
and water are considered compressible. On the strength 
of the result we found for a single compressible fluid, 
it seems reasonable to assume that after a short time 
both fluids behave as if they were incompressible. If so, 
the pressures in the water and in the oil regions, p, and 
P», are easily found to be 


In + (M —1) In p. | 


Wek ah 7, 


(16) 

Dako 

where 


Ko pow 
is the mobility ratio of water and oil. 

Next we consider the pressure behavior after closing 
in. We now assume the fluids to be compressible. The 
pressures satisfy Eq. 4 where the appropriate subscripts 
for water and oil should be put in. As in Case 1 the 
approximate assumption is made that r, remains con- 
stant and equal to its value at closing-in time. In addi- 
tion no flow is allowed to take place across the wellbore. 


In Appendix 4 it is found that under such condi- 


tions, 
ie) 


(18) 


n=? 
where B, is defined in Appendix 4 by Eqs. 86 to 89. 
METHOD FOR APPLICATION OF CaSE 2 


As in Case 1, only the first term of the series will be 
used. From the definition of B, we find 


is 20 28 32 


Fic. 3—FuncrTion ror CALCULATING kh, 
Case 1. 
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hence 
— 
b, M 2x 
In practical units of md, ft, B/D, cp and psi, 
(21) 
and 
kh 
(22) 
where 


In order to obtain F we still een to eee R,, which 


may be obtained from the saturation data. 


1 


where at times prior to fill-up, 


V, volume oil bank (25) 
volume water bank S,—S,, 


A set of curves (Figs. 4, 5 and 6) have been con- 
structed giving F as a function of M for assumed 
values of the parameters, R, and y. Each figure corre- 
sponds to a value of y(y = 1, 2 and 4) and gives curves 
corresponding to values, R, = 0.1, 0.2,...., 0.9,1. 
Curves for the limiting case, R, = 0, have been drawn 
for y = 2 and y = 4 when M > 2. These curves have 

-been omitted for other values of y and M because of their 
closeness to the curve, R, = 0.1. The plotted value of F 
contains a number of conversion constants such that kh 
is obtained in md-ft when i is in B/D, p is in cp, and b, 
is in psi. 

It will be noticed that the quantities, C,, C, and C;, 
are not used in these calculations. The quantities en- 
tered into Eqs. 12 because of the afterflow from the 
wellbore into the formation which took place after 


MOBILITY RATIO, M 
5 6 


2 4 4 1.6 Ae} 


Fic. 4—Function ror Carcuratine kh, 
Case 2,y = 1 
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Fic. 5—Funcrtion For CALCULATING hh, 
Case 2, y = 2. 


closing in at the surface. No afterflow was assumed to 
take place in Case 2 so that these quantities did not 
appear. However, it is suggested that C, be calculated 


for Case 2 to determine whether Case 2 is applicable. 


If C, is small, then the afterflow will be small for 
each unit drop in pressure. Tentatively, it is suggested 
that Case 2 be applied only when C, < 0.1. 

An estimate of S for Case 2 may be obtained from 
the flowing bottom-hole pressure just before closing in. 


_ re 
[s+ ro 


As In (r./r.) = (1/2) In{(V./V..) + 1], we find in 
practical units, 


+ (M 1) In 


Vo 

ale +1] (26) 


PLOTTING OF EXPERIMENTAL RESULTS 


As we have seen, in applying the theory it is necessary 
to determine p., 5,, and f, in the series (Eq. 10a) for 
P(t). This may be done graphically as follows. We 
assume some reasonable value for p., then plot log 
(p — p.) vs t where p is the wellbore pressure at any 
time, t. If the result is not a straight line at large times, 
the value of p, is changed and a new curve plotted. On 
semilog paper the new curve can be plotted without 
any additional computations by shifting the previous 
points a certain amount, Ap, in pressure at the same 
value of time. For example, in Fig. 7 Curve B shows 
values obtained for p, = 200 psi. By mentally sub- 
tracting 30 psi from the value of p — p, for each point 
we plot Curve C, for which p, = 230 psi. 


It is sometimes difficult to tell when the best straight 
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Fic. 6—Function ror Catcuiatine kh, 
Case 2, y = 4. 


line is obtained. For example, a straight line can also 
be drawn through the last few points of Curve B in 
Fig. 7. We have found it helpful in such cases to 
“bracket” the best curve by curves of type A and B, 

When the assumed value of p, is too high, the curve 
turns down, as in Curve A, Fig. 7. For too low a value 
of p. the curve turns up as in Curve B, Fig. 7. The 
value of p, which gives Curve C is the correct one. 
The intercept at ¢=0 is b, and £, is obtained by 
multiplying the slope of the straight line by 2.303. 

For cases where the surface pressure persists during 
shut in one need only plot log (p’ — p’) vs t, where 


p’ is the surface pressure at any time and p’ is the static 


surface pressure. 
PLE 


Fig. 8 shows an example pressure fall-off curve. The 
value of p, was known for this well from a previous 
lengthy shut-in period. This value (32 psi) was used in 
plotting Fig. 8. We have the following data on this well. 

i = 1,020 B/D 


h = 45 ft 
diameter casing = 6.366 in. (no tubing) 
Po = 598 psi 
pp =0 
cumulative injection = 6,097 bbl 
= 0.9 cp 
p =1 gm/ce 
= 
= 0,3 
= 0.30 
S, = 0.12 
Sor = 
S, = 0.58 
Sor = 0.2 


*Kstimated on basis of sand removed during swabbing. 


254 


M = 4 (estimated) 


CasE 1 

From Fig. 8 we find b, = 347 psi and 8, = 1.45 x 
10° sec*. According to Eq. 15 we have for the case 
where the surface pressure drops to zero shortly after 
closing in, 

194d°,B,b,  194(6.366)* 1.45 X 10° (347) 
1(1,020) 


= 0.0386 
C, = 0, since p, = 0 


C=C; = 0.0628 . 
Then 


b, 347 
0.0386(6.937) 
From Fig. 3, f(@) = 176.5. Therefore, 

46) = 


(0.961) 
A078!) 476.5 =511 matt (Case 
(0937) 


= 0.0188. 


1,020(0.9) 
347 


and 
0.00708 (p, — p.) 
S + In in /Kh 
0.00708 (566) 
= = 
1,020(0.9) /511 
According to Eq. 14, 
6097(5.615) 
(0.3) (0.12) (45) 
Therefore, S = 2.23 — 2.303: log (82/1) = — 248 
(Case 1). 


= 82 ft. 


b, = 360 psi 
g, = (109 360-l0g 21) 2.303 


250 x 103 
= 1.14 x 1075 secu! 


300] 
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CAsE 2 
According to Eq. 24, 
1 1 
us dl 
Ve 


oils. Therefore, using Eq. 21, and reading F from Fig. 4, 
we obtain 


Further, M = 4 and y = 1 since c, = c, for most dead 


ipo 
kee =e 
h 2F 


__ 1,020(0.9) 
347 

= 1,170 md-ft (Case 2) . 
This value of k,,h is 2.28 times as large as the value 


obtained for the single-fluid case (Case 1). 
The skin effect is found from Eq. 26. 


0.00708(566) 1,170 4 


2(221) 


82 
1,020(0.9) 
5.10 — 2.08 —4.41 


FIELD RESULTS 


Table 1 gives representative values of p., kh, and S 
calculated from the theories of Case 1 for Field 2 and 
from Cases 1 and 2 for Fields 1 and 3. The mobility 
ratio was not known for Field 2 so that Case 2 could 
not be applied there. A list of the constants used in 
obtaining the values in these tables is given in Appendix 
5. The values shown in Table 2 under “Conventional 
Method”, discussed in the “Introduction”, were deter- 
mined by our Tulsa area. In Table 1 for Field 1, Case 
2, we took k,h=k,h, in agreement with flood-pot 
results. 

The average value of k,,h or k,h obtained at Field 1 


TABLE 1—APPLICATION TO DATA FROM WATER FLOODS 


Case 1 Case 2 
Pe kh kwh koh 
Field Well (psia) (md-ft) S (md-ft) (md-ft) 5 
1 1 465 67 —4.2 120 120 —o 
277 367 660 660 11.0 
3 297 970 +11.6 1,750 1,750 + 25.6 
2 81 41 =i] 
3 103 98 —4.0 
3 1 20 5,540 —0.5 13,400 111,700 3:2 
2 35 3,960 —0.4 8,220 68,500 +2.7 
3 32 5,340 0 10,960 91,300 +2.4 
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from fall-offs on 20 wells was 396 md-ft. This leads 
to an average permeability to water or oil of about 11 
md. The average air permeability at Field 1 was 65 md, 
and from relative permeability results the average per- 
meability to water or oil at the appropriate water or 
oil-bank saturation is 6.5 md, in reasonable agreement 
with the above value. 

Assuming that the mobility ratio and relative per- 
meability at Field 2 is about the same as Field 1, we 
obtain an average water permeability of 9 md from 
fall-off results for Field 2 which compares with an air 
permeability of 152 md. Or, assuming a relative per- 
meability to water of 0.1 at the water-bank saturation 
(as at Field 1), we obtain a permeability to water of 
15 md, again in fair agreement with pressure fall-off 
results. 

At Field 3 the average permeability to water obtained 
in well fall-offs is 136 md over an 80-ft interval. From 
core data we calculate an average air permeability of 
1,300 md and a relative permeability to water of 0.15 
at water-bank saturation. These figures lead to a water 
permeability of 195 md, in reasonable agreement with 
the fall-off data. 

At Field 3 the static pressure around each injector 
was known from lengthy shut-in periods prior to injec- 
tion. These values were used in plotting results for this 
field, and in every case led to a curve linear at large 
time as predicted by the theory (see Fig. 8 for an 
example). The fact that these independently determined 
values of p, behaved as predicted lends confidence to 


“use of this theory. 


Table 2 gives a comparison of values determined by 
our Case 1 method and that determined by the con- 
ventional method of Van Everdingen* (1953) as used 
by Joers’ (1954) and Nowak’ (1955). The values of kh 
and S given by the two methods agree surprisingly well 
considering the vast difference in theory and treatment 
of data. The conventional method is somewhat more 
erratic. The negative values of static pressure given 
by the conventional method are, of course, meaningless, 
and probably indicate that all values of static pressure 
obtained by the conventional method are incorrect. A 
better static value might have been obtained by the 
method of Matthews and Brons* (1952). 

All values shown in Table 2 are for the case where 
the surface pressure drops to zero within a few minutes 
after closing in. Equally good agreement between kh 
values was obtained for cases where the surface pres- 
sure persisted after closing in. 


COMPARISON OF CONVENTIONAL AND 
PRESENT THEORY 


As noted, Table 2 shows that values of kh obtained 
by the conventional procedure and by application of 
Case 1 are in most cases of the same order of magni- 
tude. This seems rather surprising as, at first sight, there 


TABLE 2—COMPARISON OF RESULTS FROM CASE 1 AND OLDER 
CONVENTIONAL METHOD 


Case 1 Conventional Method 
Pe kh Pe 
Field Well (psia) (md-ft) Ss (psia) (md-ft) s 

1 1 465 67 —4,.2 —264 70 —4.6 
367 —3.2 —36 580 — 125) 

970 +11.6 263 3,000 + 49.0 

2 1 81 4l —1.3 —380 60 —0.8 
2 30 430 15: 260 

3 1 20 5,540 —0.5 13 9,100 Qh 
2 35 3,960 3,500 

3 32 5,340 0 =—'G 6,000 +2.0 
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is no apparent connection between the two methods. 
The agreement may, however, be explained as follows 
if we restrict ourselves to the limiting case where flow 
into the wellbore after closing in is negligible. For this 
case we have shown in Appendix 3 that the well pres- 
sure after closed-in time, At, is given by 


I ) 2 
Pw»(At) + B,e~ (27) 
n=1 


kAt 
where At, = cr’ B, = oF (x) » and x, are the zeros 


of J,(x). Eq. 27 may be written, 
ip At ip 


6) 
2 1 Atp iw 


n=1 
At im 1 
t toe ’ . 28 
t, + At + (Z(H) ) 
where 
1 
Z(Atp) = In Atp 
n=1 


and In (tp. + Atp) has been replaced by In tp., since Atp 
is small compared to ftp.. 

A numerical evaluation shows that Z(At,) is for prac- 
tical purposes constant for values of Atp < 0.2. It may 
be shown that this constant is equal to ln 2 — (42) C= 
0.4045, where C = Euler’s constant = 0.5772. Hence, 
for Atp < 0.2 the slope of the curve of p vs In [At/(t, + 
At)] is in/4azkh, and thus, for no influx through the 
wellbore after closing in, and for At, < 0.2, the con- 
ventional method and the present method should lead 
to the same value of kh.* 

Unfortunately there is flow across the wellbore on 
closing in, with the result that the pressure readings at 
early times are disturbed. Therefore, the conventional 
method cannot be used at very early times. One must 
wait until the influx through the wellbore is a small 
fraction of its original value. On the other hand the 
conventional method cannot be used for very long 
closed-in times (At, > 0.2) because then Z(Atp) is no 
longer constant (for very large times the sum of the 
last two terms in Eq. 28 is zero and p,(At) > :p,). 
Thus, the conventional method should give the correct 
value of kh if it is applied in the correct time interval; 
not too early, not too late. The conventional method 
should give incorrect values for p, and therefore also for 
skin factor, S. 

An illustrative example of what this means is shown 
in Fig. 9 for Well 13 at Field 1. The experimental 
points are shown as dots, together with the straight-line 
extrapolation through the latter points. This extrapola- 
tion leads to a value of p, of — 457 psia, as shown, 
and the slope of this line gives kh = 80 md-ft. Extra- 
polation according to our new method gives p, = 288 
psia and kh = 58 md-ft. These two values of kh are in 
reasonable agreement. — 

We may conclude that the conventional theory should 
theoretically give correct values of kh for the case 


*The conventional method and the present method, when modi- 
fied to reflect the condition of no flow across the outer boundary 
should also lead to the same value of kh for depletion-type reser- 
voirs. 
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Fic. 9—ComparIsON OF THEORIES. 


where oil and water have the same physical properties. 
In practice some error may be made when the conven- 
tional method is used because of indecision as to where 
the straight-line section is. The conventional theory 
leads to incorrect values of p., and therefore of skin 
factor, S. Finally, it is not possible to take the effects of 
mobility ratio into account in the conventional theory. 


CONCLUSIONS 


Application of this new theory to injection wells on 
Shell water floods seems to give reasonable values for 
reservoir parameters such as permeability, skin factor 
and static reservoir pressure. Values obtained for static 
reservoir pressure are much more reasonable than those 
given by conventional methods. The new method allows 
determination of reservoir parameters when there is a 
considerable gas saturation, as would be the case in the 
initial stages of flooding a reservoir depleted by solu- 
tion gas drive. This permits early determination of 
whether the injection wells have been completed prop- 
erly, or are in need of remedial measures. It is believed 
that this new theory will also be applicable to water 
floods after fill-up. 


NOMENCLA'RUR E**+ 


b, = constant in Eq. 10a, found as intercept 
on a plot such as Fig. 7, psia 
B, = constant in Eqs. 10 and 18 
C, = 194d’ / ip, dimensionless 
C, = p,/ip, dimensionless 
C, = 194d’, 8, Ap./ip, dimensionless 
inside diameter of tubing, if there is one, 
or of casing, in. 
f(@) = function for calculating kh, Case 1 
F = function for calculating kh, Case 2 
M = k,u./k.p. = water-to-oil mobility ratio 
Pn» = pressure at wellhead, psia 
p. = sand face injection pressure at time of 
closing in, psia 
r, = outer radius of water bank, ft 


= 


Ro Tal 
S,o- = interstitial water saturation at time of 
flooding 
S = skin factor = (pressure drop across skin) / 


(in./2rkh) in consistent units 
t, = time at which well is closed in, sec 
At = closed-in time, sec 


**See AIME Symbols List in Trans. AIME (1957) 207, 368, for 
other symbol definitions. 
See footnote for Eq. 1. 
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t) = dimensionless time (see Eq. 51) 
Atp = dimensionless closed-in time 
to. = time at which well is closed in, dimen- 
sionless 
5 __ volume of oil bank 
Ve volume water bank 


(S, Sor) /(S, 


, before fill-up 


‘8, = constant in Eq. 10a, sec* 
= (slope of straight line in Fig. 7) - (2.303) 

8khpg 
° 

ei(x) = [= dx 
x 
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APPENDIX 1 


SOLUTION OF EQUATIONS DURING _ 
INJECTION 


If water is injected into the formation at constant 
rate, i, the boundary condition at the well is r (0p/or) 
= — ip/2rkh at r = r,.. With the usual approximation, 
this may be replaced by 

lim ip. 
r>0 

At the interface, r= r,., between the oil bank and 
the unflooded region the pressure is constant and equal 
to the assumed constant pressure, p., in the unflooded 
region, 

The radius, r,, which increases with ‘the amount of fluid 
injected, is a function of time. Equating the amount of 
fluid moving across the interface, r= r., in time dt to 
the increase of volume of the fluid bank, we get 


dt 


We shall try to satisfy Eq. 4 and the boundary con- 
ditions (Eqs. 29, 30 and 31) by a solution of the 


type, 


(29) 


where 
(33) 
Akt 


Then the partial differential Eq. 4 reduces to the or- 
dinary differential equation, 


VOL. 213, 1958 


d dg 
which has the general solution, 
el 
The integration constants, C, and C,, are determined 


by the boundary conditions (Eqs. 29 and 30), after 
which the a reduces to 


where 

It has still to be shown that Eq. 31 can be satisfied. 

Using Eqs. 33, 34 and 35, Eq. 31 becomes 
dx, iuc 
The general solution of this equation is of the type 


x, = C/t for small t. Further, there is a special solution, 
x, = constant = a, where a satisfies the equation, 
iuc 
4nxkh(S, — Syr) 
In order to decide which one of these solutions is valid 
we write x, in the form, 


Arkh(S, Son) it 
— Sor) it 


where V, is the pore volume swept out at time ¢, and 
it is the amount of injected fluid. It is clear that the 
ratio V,/it should be finite for all t, including the limit- 
ing value at t = 0. Hence, a solution of the type x, = 


C/t for t small cannot have physical meaning and the 


solution x, = a should be adopted. 
If we eliminate x from Eqs. 32 to 35, we find 


where r, as a function of time is given by 
4k 
gue 


the constant, a, being determined by Eq. 36. 
For sufficiently large times, Eq. 37 may be approxi- 
mated by 


ig. re 


Owing to the small value of c in the second mem- 
ber of Eq. 36, a is small and e* ~ 1. Then, pulane a= 


iuc/4nkh(S, — S,,) in Eq. 38, we get 

r, = Vit/roh(S, (40) 
or 


Referring to Fig. 1 it will be seen that Eqs. 39 and 
41 are the same as those for an incompressible fluid. 
It follows that, except in the initial stage of injection, 
the liquid behaves as if it were incompressible. 


APPENDIX 2 


DERIVATION OF EQ. 7 


We assume that the flow of water in the well after 
closing in can be considered as passing through a suc- 
cession of steady states. Then the pressure gradient in 
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the water column at depth z in the injection wellbore is 


The density of the compressible water at pressure 
p is 


where p, is the density at 2 Zero 9, pressure. Substituting in 
Eq. 42 and solving the resulting differential equation, 
we get e°? = constant — cp.gz. At depth z, of the res- 
ervoir the pressure is equal to p,. Then, eliminating 
the integration constant we find 
We have to consider the two possibilities: 
A. The well is completely filled up and the wellhead 
pressure is p, > 0..Then, p = p, forz =0.. =~. (45) 
B. The well is not completely filled up, the water 
level is at a depth, z = z,(t) below the surface and z 
increases with time. Then, 
In case A the mass of water in the well is 


Zo 
M=nr. pdz. 


oO 
Eliminating p by means of Eq. 42 we obtain 
& pn & 
The mass rate of flow into the formation due to-expan- 
sion is 


(47) 


dt dt 
Using Eq. 45, Eq. 44 becomes 
Differentiation with respect to t yields 
ap, aD 
For the pressures under consideration, cp is small so 
that we can take e-*? ~ 1 — cp. Therefore, 


In the same way we get from Eq. 48, p.. — pr ~ 
Hence, — p, iS approximately constant and 
equal to hydrostatic pressure at reservoir depth. From 
Eqs. 47 and 49 we find, 

dt g dt 
At this stage the density, p, in Eq. 43 can be taken ap- 
proximately equal to p,; hence, the volume rate of 
flow is 


dM ar’, dpn 


e°Pn = 


1 aric(p,,— ap, 


Po Po& “dt 
This should be equal to the flow rate into the for- 
mation, 


| 
r 
or 
Equating the two rates and putting r, = d,/2 we ob- 
tain Eq. 7, where x is defined by Eq. 8. 

In Case B we find for the mass of the water in the 
well, 


M= 


Pw» 


and for the volume rate flow, 
Do 


which leads to Eq. 7 and to Eq. 8a for yx. 
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APPENDIX 3 


SOLUTION OF EQUATIONS FOR CASE 1 


The equations in this Appendix are developed ex- 
plicitly for the case where the wellhead pressure drops 
to zero at time of shut in, Case B. The solution for the 
other case is almost identical. 

We introduce dimensionless quantities 

r __ 8&pchper' , 

By a familiar approximation we replace (r Op/or) = 
in Eqs. 7 and 9 by (rép/er) ,,, Then Eq. 4 and the 
initial and boundary conditions (Eqs. 6a, 9, 7 and aye 
become 

oP 1 oP oP 


(S1) 
R= 


Pe = P(R.) R 529) 
OR} 
dP,, aP 
P=P,forR=1 .. 


Eliminating P, from Eggs. 54 ane 55 we find a 
boundary condition for P, 


oP d Roe 


The equations can be solved by applying the Laplace 
transformation, 


P* (RSs) =| e 
0 
We solve first for P* and then obtain P* from Eq. 


54. As the calculations are routine it is sufficient to 
give the result, 


—sAtP(R, At) dAt, 


w ty S G(s) 
(57) 
where 
Ky 


When in Eq. 57 the expression between braces is 
expanded in powers of s, it is found to have no pole at 
s = 0. It is a meromorphic function, its poles being the 
zeros of G(s). 

The time function, P,,, is found by applying Heavi- 
side’s expansion theorem to Eq. 57, 


P, =P, + , 


n 


where x, = ir/s, is real, s, being the roots of G(s) = 0, 
and 
B,, = 
dG 
ds 


As R, is a small quantity, Eq. 58 for G(s) may be 
replaced by 
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Gs) ~ { ~ 
A 


as long as R,, V/s << 1. After substitution for (dG/ds) 
and some algebraic manipulations, we find 


2A Pr | 
| 
Boe x,  ip/2akh (59) 
where x, are the roots of the equation, 
Jo(x) [s in 
and 
AN EXPRESSION FOR kh AND S | 
From wae 11 and 59 we have, 
Pr 2A 
(62) 


From the in Eq, 51 and from Eq. 
10a, 


Compare with Eq. 61 we find, 


8pg x, 
This eliminates the product, cr’, the value of which is 


rather uncertain. Just before closing in, the bottom-hole 
pressure according to Eq. 3 was given by 


Eliminating the unknown quantities, A, kh, and 
S + In (r./r.), from Eqs. 60, 62, 64 and 65, we obtain 
an equation for x, 


Y 


re 


where 
Gs) 
(si) 
and, in cgs units, 
4pgi 
Po — De 
= 


All quantities in the expressions for C,, C, and C;, ale 
known, hence @ is known and Eq. 66 can be solved 
for x, When x, is known kh can be obtained from 
Eqs. 62 and 64. 
= e| 1 1): 
ba (1—C,)? 
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Then, with this value of kh, S+1n (r./re) is 
mined from Eq. 65 as 


le (DP. Pe) 
(70) 
These formulas become Eqs. 12 and 13 when expressed 
in practical units, f(9) in Eq. 12 is defined by, 
(0) = 282.4 6? [J(x,) — 1], and x, for given 6 by 
Eq. 66. The factor 282.4 is a unit conversion factor. 
For 6 =0, J,(x,) vanishes. It can be shown that 
for f(@) approaches the limit, f(0) = 
Further, it may be proved that for 6=0, B, 
) 


This is the solution when there is no after flow into 
the formation. 


APPENDIX 4 


SOLUTION OF EQUATIONS FOR CASE 2 


We first introduce the dimensionless quantities, 


it /27k,h 
r 
k,At 
Then the equations become 
1 OP; 99 
where 
1 
and 
oP, 
with the conditions, : 
for Atp = 0, 
(75) 
OP, 
for’ Ri=.0), (76) 
P, = P, 
OR 


For the solution, we again make use of the Laplace 
transformation. After some tedious but straightforward 
calculations we find for the bottom-hole pressure, 

P, — (M—1)InR, —MR, 


= 


K,(ReV/s) 1 V5) V5) 
(79) 
where 


= 
do = K,(Ro Vs) L(Vs) + Vs) 

(80) 

Now, P* is a of s. It can, be 

verified that the quantity P* — (P,/s) has no pole for 
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s = 0, hence the time function P,,(At,) can be obtained 

from Eq. 79 by Heaviside’s expansion theorem. 
P,,(Atp) =P, + > 42, 

where 


B, = 


(ARsV5) 
= s, being the nth root of the equation, 
(ARS) + =O . (82) 
From physical considerations it may be assumed that 
the roots of this equation are pure imaginary numbers, 


as complex roots would give rise to damped oscillatory © 


terms. Hence, in order to calculate B, we put V/s = ix 
hen: 
where 


Dinn Y m( Rox) Im (83) 
In this notation, 


d > 
(84) 


B, = 


where x= x, is the nth root of the equation, 
MXP (ARiX) = (AR) = 0) £85) 

The reduction of B, to the formula given in the text 
is rather long and tedious. We shall not give the whole 
derivation but shall only clarify a few points where the 
algebra is not quite obvious. 

After some calculations, the denominator in Eq. 84 
is found to be equal to [(MX* — 1) R,®o + Pu] Jo(ARox) 
— [(M — 1) AR + 

Eliminating J,(AR.x) by use of Eq. 85, we get 
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00 


The expression, ®o®,, — ®&,®:, may be reduced to 
Jo(x) = Further, may be eliminated 
by use of Eq. 85. Likewise, ®,. may be eliminated from 
the numerator of Eq. 84. Further, A is replaced by 


1/\/yM according to Eq. 73. Then we find finally, 


By = 
2yM 
n 
Vv 


with x, the roots of the equation, 


Rix REX 
— DoJ — B,J, =0 > 87 
al (3) 


in which 


Bo = Yo( Rox) Jo(x) — Jo(Rox) Yo(x) (88) 
= Y,(Rox) J,(Rox) Yo(x) 
(89) 


APPENDIX 5 


CONSTANTS USED IN CALCULATIONS 


bo 
Field (cp) (cp) 


1 0.9 Bis 4 1.35 1 

2 1.0 - 

3 0.9 30 4 3 1 
kak 
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Determination of Wettability by Dye Adsorption 


ABSTRACT 


A method has been developed for 
determining the relative water wet- 
tability (fraction of the surface wet 
by water) of porous media. This 
method involves the adsorption of 
methylene blue dye from an aqueous 
solution onto the solid surfaces of 
rock contacted by the injected dye 
solution. Experiments on Berea sand- 
stone cores have shown that water- 
wet cores adsorb a large amount of 
dye from solution. In oil-wet cores, 
however, the injected aqueous dye 
solution is prevented from contact- 
ing the adsorptive surfaces by a film 
of oil and virtually no dye is ad- 
sorbed. 

This method was tested by experi- 
ments on mixtures of water-wet and 
oil-wet sand. Using the dye adsorp- 
tion method, it was possible to deter- 
mine quantitatively the fraction of 
water-wet and oil-wet sand in such 
mixtures. 

The dye adsorption test is readily 
applied to determining the relative 
water wettability of fresh oilfield 
cores. The cores are not extracted 
before testing. Observed values of 
the wettability of field cores tested 
to date have varied from 100 to 6 
per cent water wet. 


R ODUCT LON 


Recent articles*® have emphasized 
the important role that- wettability 
plays in almost all phases of reser- 
voir rock behavior. It has been shown 
that wettability has a profound effect 
on the interstitial water saturation, 
residual oil saturation, capillary pres- 
sure, relative permeability, waterflood 
behavior, and resistivity index of oil- 
field cores. A quantitative investiga- 


Original manuscript received in Society of 
Petroleum Engineers office July 15, 1957. Re- 
vised manuscript received Aug. 1, 1958. 
Paper presented at 32nd Annual Fall Meet- 
ing of Society: of Petroleum Engineers in 
Dallas, Tex., Oct. 6-9, 1957. 

IReferences given at end of paper. 
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tion of the effect of wettability on 
these core properties is severely 
handicapped by the lack of a simple 
technique for measuring the wettabil- 
ity of a porous medium. If such a 
technique were available, it would 
provide investigators with a means of 
gaining insight into the distribution 
of phases within a core. 

A number of qualitative methods 
of estimating wettability are known. 
These include contact angle measure-— 
ments, flotation tests and studies of 
displacement pressure,’ imbibition’ 
and relative permeability data.* Using 
these tests, it is usually possible to 
classify a core as water-wet, oil-wet, 
or some intermediate degree of wet- 
tability. One recently proposed meth- 
od involving measurement of nuclear 
magnetic relaxation® offers promise 
of determining quantitatively the 
fractional wettability of cores. The 
equipment is rather elaborate and 
necessary treatment of the cores 
before testing probably alters the 
natural wettability. This latter point 
also applies to most of the cited quali- 
tative methods. 

This paper presents a new tech- 
nique for determining water wettabil- 
ity of cores; it is based on measure- 
ments of the dye adsorption capacity 
of the core. This method has the 
advantage of requiring relatively 
simple equipment and involves mini- 
mum handling of the core before 
testing. 

It is important to distinguish be- 
tween the various concepts of wetta- 
bility referred to in the literature. The 
term “wetting” is defined by Bartell’ 
as that phenomenon which occurs 
when a solid and liquid phase come 
in contact in any manner so as to 
form a solid-liquid interface. A pref- 
erentially water-wet solid is defined 
by Jennings” in terms of the ad- 
vancing contact angle in the solid 
water-oil systems. Brown and Fatt’ 
regard fractional wettability as the 
fraction of the total surface area that 


is preferentially oil-wet or water-wet. 
However, none of these definitions 
adequately describes the type wet- 
tability measured by the dye test. 
This calls for the introduction of a 
“new term, “relative water wettabil- 
ity”, which we define as the fraction 
of the total surface area of a core 
contacted by injected water. 


DESCRIPTION OF METHOD 


The ability of a porous medium 
(especially the clays) to adsorb large 
quantities of surfactants, dyes, etc., 
is well known. It is reasonable to as- 
sume that a substance can be ad- 
sorbed from solution onto a solid 
surface only if the solution contacts 
the surface. In this connection Sha- 
piro” has shown by experiments on 
silica gel that completely dry gel 
will adsorb methyl red dye from a 
benzene solution. On the other hand, 
if a film of water more than several 
molecules thick is present on the 
silica gel, the adsorption capacity of 
the gel for the dye is drastically 
reduced. Thus, a study of the dye 
adsorption capacity of cores should 
give some clue as to the fluid distri- 
bution on the surface of the core. 


TEST OF METHOD 


As a qualitative check on this 
theory, dye adsorption tests were run 
on similar Berea sandstone cores 
(Table 1, Cores 1-5). Cores satu- 
rated initially with water and flooded 
with 0.01 per cent aqueous methy- 
lene blue adsorbed 0.58 mg dye/gm 
of core. Similar cores saturated ini- 
tially with water, driven to irre- 
ducible water with oil, and then 
flooded with the same dye solution 
also adsorbed 0.58 mg dye/gm of 
core. Another core, treated with a 
5 per cent Dri-Film solution, dried 
and saturated with oil (Soltrol) ad- 
sorbed no dye when the dye solution 
was injected. These tests confirm 
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TABLE 1 — DYE ADSORPTION TESTS ON BEREA SANDSTONE CORES 


Concn. of 
Dri-Film 
Core solution Initial 
Object No.1 (per cent) saturant 
Test ] 0 water 
of 2 0 water 
theory 3 0 water 
4 0 water 
5 5 Soltrol 
Test 6 0 Kansas crude 
of 
extraction 
7 0 Kansas crude 
8 0 Kansas crude 
Correlation 9 0 water 
of 10 0.01 water 
imbibition 11 0.1 water 
with 12 5.0 water 
wettability 13 0 water 
14 0 Soltrol 
15 0.1 Soltrol 
16 5.0 Soltrol 


Adsorption 
capacity, Relative 
mg dye water 
Subsequent treatment gm core wettability 
none 0.58 1.00 
none 0.58 1.00 
Drive with Soltrol to irre- 0.60 1.00 
ducible water 0.56 1.00 
none 0.00 0.00 
Extract with chloroform and 0.57 0.98 
methanol, saturate with 
water 
Extract with chloroform and 0.51 0.88 
methanol, heat to 950°F, 
saturate with water 
Extract with benzene and 0.49 0.84 
methanol, saturate with 
water 
none 0.71 0.96 
none 0.53 0.72 
none 0.57 0.77 
none 0.46 0.62 
Drive with Soltrol to irre- 0.76 1.00 
ducible water 
Drive with water to resi- 0.59 0.80 
dual oil, then with oil to 0.18 0.24 
irreducible water 005 0.07 


1Cores 1-8 were taken from the same block of Berea sandstone; average adsorption capacity, 0.58. 
Cores 9-16 were taken from the same block of Berea sandstone; average adsorption capacity, 0.74. 


qualitatively the ability of dye ad- 
sorption measurements to indicate 
the relative water wettability of oil- 
field cores. 

A quantitative test of this method 
is ideally performed on a consoli- 
dated porous medium resembling as 
closely as possible an actual field 
core. No experimental procedure 
could be devised to accomplish this 
because of lack of a suitable standard 
for measuring wettability. Instead, 
tests were made on loose mixtures of 
different proportions of water-wet 
and oil-wet 250-mesh Ottawa sand. 
These tests are described in detail 
in the following section. 


EXPERIMENTAL PROCEDURE 


Careful attention was paid to the 
fluids with which these samples were 
first contacted because it has been 
shown” that the fluid with which a 
dry material is first contacted has a 
considerable influence on its subse- 
quent wettability. The sand, satu- 
rated with water, was considered to 
be 100 per cent water-wet. Sand 
treated with a 5 per cent Dri-Film 
SC-87 solution in hexane, oven dried 
at 250°F for one hour and saturated 
with Soltrol was considered to be 
100 per cent oil-wet. Mixtures of 
different proportions of these sands, 
saturated with their respective wet- 
ting fluids, were prepared as shown 
in Table 2. The weight of water-wet 
sand in each mixture (except Sample 
5) was kept constant to insure that 
the equilibrium dye concentration for 
each mixture would be roughly the 
same. Each of the cited sand mix- 
tures was shaken with 25 cc of 0.01 
per cent aqueous methylene blue 
solution for 30 minutes, then centri- 
fuged and the dye concentration was 
determined. The results were ex- 
pressed as milligrams of dye adsorbed 
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per gram of dry sand. The relative 
water wettability was determined by 
dividing the adsorption capacity of 
each sample by the adsorption ca- 
pacity of the 100 per cent water-wet 
sample. 

Several. techniques for measuring 
dye concentration are available. In 
this work, the light transmittancy of 
the solution was determined in a 
Cenco-Sheard-Sanford Type B-2 
Photelometer and the dye concen- 
tration was determined from a cali- 
bration curve. 


RESULTS 


Table 2 and Fig. 1 present the 
results of these tests. There is near 
perfect correlation between the dye 
adsorption capacities and the known 
proportion of water-wet sand in the 
mix. This technique, then, furnishes 
a quantitative estimate of the pro- 
portion of water-wet surface in the 
mix; this proportion we have defined 
as relative water wettability. 


APPLICATION OF TEST TO 
FIELD CORES 


The following procedure was de- 
vised for applying the dye test to 
the determination of the relative 
water wettability of fresh field cores. 
Two adjacent* 1 X 1 in. plugs were 


drilled parallel to the bedding plane 


*We realize that there will be some dif- 
ferences between two adjacent plugs. For 
the purpose of this test, the assumption is 
made that these differences are negligible. 


mg DYE ADSORBED/g. SAMPLE 


.0 


O 25 50 75 100 


% WATER WET SAND 
Fic. 1_Dyr Apsorption Test on MIx- 


TURES OF WaATER- AND OIL-WET 250-MESH 
SAND. 


from each fresh field core. The drill 
was lubricated with water of the 
same salinity as formation water. 
One plug was saturated with synthetic 
formation water by means of an 
evacuation procedure. The dye ad- 
sorption capacity of this plug was 
then determined by passing the dye 
solution through the freshly drilled 
and saturated plug. The resultant ad- 
sorption capacity (mg dye/gm of 
plug) was proportional to surface 
area of the plug contacted by the 
aqueous dye solution. The second 
plug was extracted with a mixture 
of chloroform and methanol and 
saturated with synthetic formation 
water. Subsequent work (see sec- 
tion entitled “Test of Extraction Pro- 
cedure”) showed that this treatment 
made the plug completely water-wet. 
After allowing time for the clays to 
rehydrate, the adsorption capacity of 
the second plug was determined. As- 
suming this plug was completely wet 
by the dye solution, the adsorption 
capacity would be proportional to its 
total exposed surface area. Division 
of the adsorption capacity of the 
fresh plug by the adsorption capacity 
of the extracted plug gave the frac- 
tion of the surface of the fresh plug 
that was water-wet, i.e.,-its relative 
water wettability. A detailed descrip- 
tion of this procedure follows. 


DETERMINATION OF DYE 
ADSORPTION CAPACITY 


The core, saturated with the de- 


TABLE 2—TESTS ON MIXTURES OF WATER-WET AND OIL-WET 250-MESH SAND 


P Equilibrium dye dye 
er cent water- adsorbed Relative water 
Samp Dry weight a. sand (gm) wet sand Col onc per gm wettability 
No. Water-wet Oil-wet Total in mixture efor (per cent) sample by dye test! 
1 2 0 2 100 31.0 0.0064 0.45 1.00 
2 7) 0.67 Os 75 31.0 0.0064 0.337 0.75 
3 2 4.0 50 31.5 0.0064 0.231 0.51 
4 2 6 8 25 31.0 0.0064 0.112 0.25 
5 0 10 10 0 17.5 0.0100 0.00 0.00 


» 


adsorption capacity of sample 


adsorption capacity of 100 per cent water-wet sample 
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sired fluids, was placed in a conven- 
tional core holder and a filtered 
aqueous solution containing 0.01 per 
cent methylene blue and 0.5 per cent 
CaCl, was injected at a rate of about 
one pore volume per minute. CaCl, 
was added to prevent clays from dis- 
persing and plugging the core. The 
effluent was collected in 25-cc incre- 
ments (approximately 10 pore vol- 
umes) and its dye concentration was 
determined colorimetrically as pre- 
viously described. This was continued 
until the dye concentration in the 
effluent reached 0.009 per cent. The 
test was discontinued at this point. 
The dye concentration of the solu- 
tion entering the core was measured 
at the beginning and end of each test. 
The dye concentration was plotted 
against the volume of effluent as 
shown in Fig. 2. The area between 
the curves was integrated graphic- 
ally and the results expressed as 
mg dye/gm of core. 
TEST OF EXTRACTION PROCEDURE 
There are several references in the 
literature” concerning the inability 
of conventional extraction procedures 
to make cores completely water-wet 
Accordingly, several tests of different 
extraction procedures were made on 
Berea sandstone cores saturated with 
a Kansas crude oil which previous 
work had shown to be very difficult 
to extract. In these tests the dry core 
was saturated with the oil and 
allowed to soak for at least 24 hours. 
The core was then extracted over- 
night, dried, saturated with brine and 
its dye adsorption capacity was de- 
termined. The results (Table 1, Cores 
6-8) show that extraction with a 
mixture of three parts chloroform 
and one part methanol almost com- 
pletely restored the cores to their 
initial dye adsorption capacities. It 
should be noted that this extraction 
procedure was found by Jennings” 
to be relatively ineffective in remov- 
ing the oil-wet characteristics of some 
cores. Heating as a method of clean- 
ing up cores could not be used since 
heat can destroy irreversibly part of 
the dye adsorption capacity of some 
clays. 


TEST ON FIELD CORES 

The relative water wettabilities of 
fresh cores from several different 
fields were determined using the dye 
adsorption technique to get some idea 
of the range of values encountered in 
actual practice. Table 3 shows the 
results obtained with the dye ad- 
sorption tests. 
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CORRELATION OF RELATIVE 
WATER WETTABILITY WITH 
WATER IMBIBITION 


In order to investigate the utility 
of the dye test in studying flow be- 


havior, an attempt was made to cor- — 


relate qualitatively the relative water 
wettability with the water imbibition 
rate into Berea cores. These tests 
were performed on one group of 
cores initially containing air and on 
another group initially containing oil 
and irreducible water. 


EXPERIMENTAL PROCEDURE 

Four adjacent 1 X 1 in. Berea 
cores were drilled. Three were treated 
with hexane solutions containing 
0.01, 0.1 and 5.0 per cent Dri-Film 
SC-87. About 40 pore volumes of the 
treating solution were passed through 
each core. The cores were dried at 
250°F for at least one hour after 
treatment. The imbibition rates were 
determined by contacting one face 
of each core with water and allowing 
the water to imbibe. The cores were 
removed periodically and their satu- 
rations were determined by weighing. 
After equilibrium was attained the 
cores were saturated with water and 
their dye adsorption capacities were 
determined as described previously. 

To test this procedure on cores of 
different wettabilities containing oil 
and irreducible water, a second group 
of four adjacent 11 in. Berea cores 


TABLE 3—WETTABILITY DETERMINATIONS ON 
FIELD CORES 


Adsorption capacity Relative 
Location of (mg dye/gm core) water 
field Fresh Extracted Wettability 
Wyoming 0.05 0.85 0.06 
California 0.39 0.56 0.70 
Colorado 
A 0.74 0.78 0.95 
B 0.63 0.81 0.78 
Cc 0.29 0.42 0.69 
D 1.15 1.10 1,00 


1Samples taken from the same well. 


was selected. These cores were 
treated as follows: (1) Core 13, sat- 
urated with brine; (2) Core 14, sat- 
urated with Soltrol; (3) Core 15, 
treated with 40 pore volumes of 0,1 
per cent Dri-Film, dried, saturated 
with Soltrol; and (4) Core 16, treated 
with 40 pore volumes of 5 per cent 
Dri-Film, dried, saturated with Sol- 
trol. 

After this treatment, Core 13 was 
driven with Soltrol to irreducible 
water. Cores 14, 15 and 16 were 
driven with water to residual oil and 
then with Soltrol to irreducible water. 
To determine the imbibition curves 
each core was placed in a centrifuge 
tube having a graduated neck. The 
tube was filled with water and 
quickly inverted and the open end 
placed under water. The volume of 
oil displaced by the imbibing water 


~ collected in the neck of the centri- 


fuge tube and was measured period- 
ically. The tube was shaken before 
each reading to dislodge oil droplets 
trom the surface of the core. 


RESULTS 


In the water imbibition tests on 
dry cores the water imbibed most 
rapidly into the untreated core. Water 
imbibed at a somewhat slower rate 
into the cores treated with 0.01 and 
0.1 per cent Dri-Film, and virtually 
no water was imbibed by the core 
treated with 5.0 per cent Dri-Film. 
The relative water wettabilities of 
these cores were 0.96, 0.72, 0.77 
and 0.62, respectively. These water 
wettabilities show that all the cores 
were predominantly water-wet, even 
the one made strongly water repellent 
by Dri-Film treatment. Apparently, 
saturating the dry cores with water 
had forced them into a wettability 
condition in which the relative water 
wettability bore no relation to the 
preferential wettability. It was con- 
cluded that this experiment could 
best be performed on cores contain- 
ing water and oil distributed on the 
core surfaces in accordance with the 
preferential wettability of the core. 

The second set of water imbibition 
tests was run on cores containing oil 
and irreducible water. The results of 
the imbibition tests are shown in 
Fig. 3, and the dye adsorption capaci- 
ties and fractional wettabilities are 
given in Table 1, Cores 13-16. The 
imbibition rates decrease in the fol- 
lowing order: Core 13 > Core 14 
> Core 15 > Core 16. The relative 
water wettabilities for these cores 
are 1.00, 0.80, 0.24 and 0.07, re- 
spectively. This shows a qualitative 
correlation between imbibition rate 
and water wettability. 
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DISCUSSION 


Relative water wettability has been 
defined herein as the fraction of total 
core surface area contacted by flow- 
ing water. This area is assumed to be 
proportional to the quantity of 
methylene blue dye adsorbed. The 
amount of dye adsorbed is a func- 
tion, among other factors, of the 
area exposed to the dye solution and 
the adsorptive capacity of the ex- 
posed surface. Since the clays con- 
stitute the major part of the surface 
area of a typical core, most dye ad- 
sorption probably takes place on the 
clay surface. Evidently, then, the 
test results actually show the fraction 
of the clay surface that is wet by 
water. 


Clays can remove dye from solu- 
tion through at least three mechan- 
isms: adsorption, cation exchange and 
chemical reaction. While it would be 
interesting to know the basic dye 
adsorption mechanism, its nature 
does not affect the determination of 
water wettability. Regardless of the 
mechanism, if a fresh core removed 
0.33 mg dye/gm and a similar ex- 
tracted core removed 0.66 mg/gm, 
the relative water wettability would 
be 0.5. 

Relative water wettability greater 
than 100 per cent has been observed 
on cores containing substantial 
amounts of montmorillonite. That is, 
the fresh cores adsorbed more dye 
than the extracted cores. This is be- 
lieved to be caused by irreversible 
changes in the clay structure result- 
ing from extraction and subsequent 
drying. Thus far, this behavior has 
been observed with cores from only 
one field. 

The relative water wettabilities of 
similar cores measured during the 
imbibition experiments varied con- 
siderably, depending on the fluid 
which first contacted the dried core. 
For example, Cores 12 and 16 were 
treated with a 5 per cent Dri-Film 
solution and oven dried. Core 12 
was then saturated with water and 
had a relative water wettability of 
0.62. Core 16 was saturated with 
oil and had a relative water wet- 
tability of 0.07. This effect has been 
reported previously with respect to 
the relative permeability of cores. 
Geffen et al” give relative permea- 
bility curves on a core treated with 
Dri-Film. When initially saturated 
with water, the core exhibited a 
typically water-wet behavior. When 
initially saturated with oil, it gave a 
typically oil-wet behavicr. This shows 
the importance of the first fluid with 
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which a dry core is contacted in 
determining its subsequent wettabil- 
ity behavior. 

It is generally assumed that the 
imbibition behavior of cores indi- 
cates their state of wettability. Under 
most conditions we have found this 
to be true. When cores contained 
both oil and water their relative 
water wettability correlated very well 
with their imbibition behavior. This 
relation is shown in Fig. 3. It is 
seen that as the numerical value of 
the relative water wettability in- 
creases, so does the degree of water 
imbibition. 

On the other hand the imbibition 
test on Core 12 shows no agreement 
between the imbibition behavior and 
the relative water wettability. In this 
experiment no oil was present in the 
core during either the imbibition test 
or the dye adsorption test. Further- 
more, its relative water wettability 
determined by the dye adsorption 
test showed that the core was on the 
water-wet side of the wettability 
spectrum, despite the fact that it had 
been made so strongly water repellent 
by the silicone treatment that it 
would not imbibe water. This illus- 
trates one important factor that must 
be considered in the application of 
the dye test to cores, namely, that 
both water and oil must be present 
in the core during the determination 
of dye adsorption capacity. 


SUMMARY 


1. A new method of measuring 
the relative water wettability of cores 
has been devised, based on measure- 
ments of dye adsorption capacities 
of the cores. 


CORE... CORE INITIAL] RELATIVE 
SATURATING | WAT 

NUMBER] TREATMENT FLUID |WETTABILITY 
3 = WATER 1,00 
14 — OIL 0.80 
15 |OI%DRFFILM| OIL 0.24 
16__|5% ORHFILM| OIL 0.07 

100 

4 

=) 

= 

= 

= 

F 10 /; 


WATER SATURATION,% 


Fic. 3—Impisition Test on Berea Cores 
ConTAINING AND IRREDUCIBLE 
WATER. 


2. Experiments on mixtures of 
water-wet and oil-wet sand have 
shown the ability of the dye test to 
determine their relative water wet- 
tability with a high degree of accu- 
racy. 

3. The test is simple to apply to 
consolidated cores. Field cores can 
be tested as received without extrac- 
tion or other handling that could 
alter their natural wettability. 


4. Water imbibition rates into 
Berea standstone cores of different 
wettabilities correlate qualitatively 
with the relative water wettabilities 
of the cores measured by the dye ad- 
sorption test. 
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Mechanics of Differential Pressure Sticking of Drill Collars 


ABSTRACT 


Drilling progress is often delayed 
by sticking of the drill string. The 
development of preventive and reme- 
dial methods has been hampered by 
incomplete understanding of the 
sticking mechanism. 

A recent laboratory investigation 
has indicated that one type of stick- 
ing may be attributed to the differ- 
ence in pressure between the bore- 
hole and formation. 


This paper shows, by means of soil 
mechanics, that the primary cause 
_for—differential pressure sticking is 
- cessation of pipe movement, whereas 
differential pressure and standing 
time determine the severity of the 
sticking. 

The analysis stresses the impor- 
tance of using low-weight muds with 
low solids content and low water loss 
to alleviate differential pressure stick- 
ing and describes why packed hole 
drilling, long strings of drill collars, 
and a large deviation from the ver- 
tical are conducive to sticking. 

Finally, preventive and remedial 
‘methods are evaluated, and a theory 
is presented on the release of stuck 
pipe by spotting oil. 


INTRODUCTION 


Since drilling with long strings of 
oversize drill collars has become 
standard practice in many areas, the 
incidence and severity of the stuck 
pipe problem has increased. It has 
been noticed that in the majority of 
these cases the sticking could not 
possibly be attributed to key seat- 
ing or caving of shales. It appeared 
that, due to the differential pressure 
between the mud column and the 
formation fluid, the collars were 
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pressed into the wall and so became 
“wall stuck”. Points to note about 
differential pressure sticking are: (1) 
sticking is restricted to the drill col- 
lars, (2) the collars become stuck 


opposite a permeable formation, (3) - 


the sticking occurs after an interrup- 
tion of pipe movement, (4) circula- 
tion, if interrupted, can be restarted 
after the sticking is noticed, and (5) 
no large amounts of cuttings are cir- 


culated out after restarting circula~ 


tion. 

Helmick and Longley’ investigated 
pipe sticking by differential pressure 
in the laboratory and found an em- 
pirical relationship between the dif- 
ferential pressure, the sticking time 
and the required pull-out force. 

In this paper an explanation of 
the mechanism is given based on 
Terzaghi’s theory of clay consolida- 
tion. A qualitative description is 
given in the following paragraphs 
while the derivation of formulas is 
given in Appendices. 

This paper is a first attempt to 
explain pressure differential sticking 
and many points will require addi- 
tional theoretical and practical in- 
vestigation before the problem can 
be fully understood. 


PRESSURE DIFFERENTIAL 
STICKING AS A 
CONSOLIDATION PROBLEM 


In any borehole, where the mud 
pressure is higher than that exerted 
by the formation fluids, a mud cake 
is formed opposite the permeable 
sections of the hole and a continuous 
flow of filtrate takes place from the 
mud, through the cake and into the 
formation. This radial flow pattern 
requires a certain distribution of the 
hydraulic and the effective (grain-to- 
grain) stresses inside the mud cake. 
Any quantitative or qualitative 
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change in the external pressure con- 
ditions will produce a change in the 
flow pattern and, consequently, also 
in the internal stress distribution in- 
side the cake. In view of the low per- 
meability and the high compressibil- 
ity of a clay mud cake, the adjust- 
ment of the internal stress distribu- 
tion is slow and is accompanied by 
a change in volume. Time dependent 
stresses are thus created which grad- 
ually diminish as the new state of 
equilibrium between internal and ex- 
ternal pressures is approached. 

Some 30 years ago, Terzaghi 
developed his “Theory of Consolida- 
tion” to account for the time-depen- 
dent stresses and settling of clay for- 
mations under the influence of exter- 
nal loads. He derived a differential 
equation by which the time-depen- 
dent hydraulic stress and the consoli- 
dation can be computed for any point 
inside the layer during the consoli- 
dation process. His theory is based 
on the assumption that the change 
in stress is solely due to a change in 
water content and it may only be 
applied to one-dimensional consoli- 
dation phenomena. Other investiga- 
tors’” have expanded his theory to 
include processes of more than one 
dimension. 

The difference between the exter- 
nal pressures on the mud cake before 
and after sticking is a qualitative one 
(isolation of part of the cake by the 
static contact with the drill collars 
after pipe movement has been 
stopped), and the time-dependent 
stresses thus created may be investi- 
gated by means of Terzaghi’s theory. 
By this analysis the changes in the 
nature of the contact surface between 
the drill collars and the mud cake 
during the sticking can be explained; 
and the friction force between the 
two may be computed as a function 
of the sticking time, the borehole di- 
mensions and the mud cake charac- 
teristics. 


2,6,7 
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THE STRESS DISTRIBUTION IN 
THE MUD CAKE 


DuRING DRILLING 


As a result of the difference be- 
tween the pressure in the borehole 
and the fluid pressure of the forma- 
tion, water from the mud flows into 
permeable formations through a fil- 
ter cake. If the formation and the 
cake are homogeneous, Darcy’s law, 
v = (k/u) - (dp/dr), may be applied 
to the radial flow. 

If, in addition, the permeability of 
the cake is low compared to that of 
the formation, and the thickness of 
the cake is small compared to the 
radius of the borehole, then Darcy’s 
law can be written as v = (k/p) - 
(p/h) (see Appendix 1). 

The variables in this formula are 
different at each depth but indepen- 
dent of time and, consequently, a 
steady state of flow exists at all levels. 

The ratio, p/h, in the formula is 
the differential hydraulic pressure 
gradient inside the mud cake. The 
differential hydraulic pressure, w, de- 
creases linearly from p, at the transi- 
tion between the mud and the cake 
to zero at the contact face between 
cake and formation. The differential 
hydraulic pressure is therefore, w = 
(p/h)z (see Fig. 1). As the total dif- 
ferential pressure is equal to p and 
only part of this pressure is trans- 
mitted by w, the remaining stress, 
which is equal to p — w, must. be 
transferred from one clay particle to 
the next by direct contact. This “sol- 
id’, or rather “effective” stress, s = 
p—w = (p/h) - (h — z). Hence, the 
differential effective stress increases 
from zero at the mud cake interface 
to p at the formation. 

As differential pressure sticking is 
always confined to the drill collar 
string, the tool joints apparently act- 
ing as stabilizers for the drill pipe, 
the position of the drill collars dur- 
ing drilling is an important factor in 
the wall sticking mechanism. In this 
connection mention should be made 
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BorrHoLe SHOWING THE DIFFERENTIAL 
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of the work by Lubinski and Woods 
on the buckling of drill collars’. Their 
investigations have indicated that dur- 
ing drilling, even when the deviation 
of the borehole is relatively small, 
the drill collars rest against the low 
side of the borehole. During rotation 
the bearing surface between the col- 
lars and the cake is thus, supposedly, 
lubricated by a film of liquid mud 
in the contact area. The pressure in 
this mud film is equal to the mud 
pressure plus the pressure exerted by 
the component of the weight of the 
drill collars normal to the hole. 

If it is assumed that the mechan- 
ical erosion of the mud cake by the 
rotating collars in the contact area 
is about equal to the erosion by the 
annular mud stream outside the con- 
tact area, then the only force which 
determines the difference in cake 
thickness in these two areas is this 
excess mud pressure. (Actually, this 
assumption is only valid for low ro- 
tary speeds. For higher speeds the 
erosion in the contact zone will be 
more severe than outside of it.) As 
a result of this higher pressure, the 
mud cake in the bearing zone will be 
more compressed than outside this 
zone and the penetration of the drill 
collars into the cake and the angle 
of their dynamic contact may be 
computed (Appendices 2 and 3). It 
should be noted that the pressure 
component of the drill collars in the 
contact area remains extremely small, 
so that it can be considered to be 
zero with respect to the stress dis- 
tribution within the cake. In other 
words, Fig. 1 also holds for the cake 
between the drill coilars and the for- 
mation if both the mud pressure and 
the drill collar pressure are consid- 
ered. 


WHEN DRILLING Is INTERRUPTED 
Stopping circulation and pipe 
movement both distinctly influence 


the stress distribution in the mud 


cake. 

By stopping circulation the differ- 
ential pressure is reduced to its static 
value. The magnitude of this reduc- 
tion depends on a number of factors, 
such as depth of the hole, mud weight 
and clearance, and may easily be 25 
per cent of the differential pressure 
during circulation. The effect of the 
pressure reduction will be examined 
in one of the following sections. 

By stopping the pipe movement 
the previously existing dynamic con- 
tact between drill collars and mud 
cake becomes static, the bearing sur- 
face between the two is no longer 
lubricated, and after the water in the 
lubricating film has seeped into the 


cake radial filtration into the contact 
area ceases completely. The differen- 
tial pressure on the mud cake re- 
mains unaltered as long as circulation 
is continued, but is now exerted by 
the drill collars instead of the mud. 
Filtrate will therefore continue to 
flow into the formation, but as no fil- 
trate enters the cake its water con- 
tent decreases and with it the hy- 
draulic stresses throughout the cake 
until they have become equal to the 
formation fluid pressure. 

This process is shown in Fig. 2. 
The differential pressure during cir- 
culation is indicated by p = w + s. 

Curves 2, 3, etc., represent the hy- 
draulic differential stress, w, in the 
mud cake at successive times after 
pipe movement has been stopped. 
The balance, s = p — w, is the ef- 
fective stress in the mud cake which 
increases, simultaneously and by the 
same increments, as w decreases. The 
horizontal trend of the pressure 
curves at AD indicates that no fil- 
trate enters the cake from the bore- 
hole. 


The gradual change over from hy- 
draulic to effective stress at the sur- 
face of the cake causes the friction 
between the drill collars and the cake 
and constitutes the essence of the 
wall-sticking mechanism. 

Fig. 2-also shows that the effective 
stresses are at all times smaller at 
the isolated surface (AD) than in- 
side the mud cake. As the internal 
coefficient of friction of clay will 


_ often be higher than that between 


steel and clay, shearing by the pull- 
out force will usually take place 
along the surface of contact and not 
in the interior of the cake. 


The decrease in water content in 


the isolated part of the mud cake, - 


as mentioned earlier, is accompanied 
by a reduction in porosity and hence 
in volume. The cake between the 
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collars and the formation shrinks. 
During the shrinking the area of 
static contact expands, new parts of 
the cake are isolated and in each ad- 
ditional point of contact the effec- 
tive stresses also begin to increase; 
thus, contributing to the sticking 
force. 


THE BASIC -EQUATION FOR 
FRICTION BETWEEN DRILL 
COLLARS AND MUD CAKE 


From the previous discussion it 
will be clear that the friction force 
between the collars and the mud cake 
may be expressed by the formula, 
F=A,-p:f,, in which A, is the 
total contact area, p the differential 
pressure and f, the friction factor 
between mud cake and pipe. 

This formula may also be written, 
F=A, (wf. + sf), where f, and 
f are the friction factors between 
steel and water and between steel 
and clay, respectively. During drill- 
ing, sf= 0, and: F =A,(p + pz) fe» 
where p, is pressure exerted by the 
drill collars normal to the wall. When 
pipe movement is stopped, the influx 
of water into the cake in the contact 
area ceases and s starts to increase. 
_ Eventually s becomes equal to p. 
Neglecting f,, which is small com- 
pared to f, and substituting A. = 
F=f 
F’ + F”, in which s, and s, are the 
solid stresses in the initial and in the 
shrinkage areas, F’ and F” the cor- 
responding friction forces, and a, and 
a, are the initial and final angles of 
contact, respectively. 

The drill collars are stuck if at any 
time the friction force, F, plus the 
buoyant weight of the drill string is 
larger than the maximum pull-out 
force, as determined by the strength 
of the string. 


ANALYSIS OF THE FRICTION 
FORCE 


In Appendix 5 the friction force, 
F’, has been computed as a function 
of the sticking time for various mud 
and borehole characteristics. The 
concept “half value time” is intro- 
duced as a yardstick for the sticking 
time required to let F’ increase to 
50 per cent of its maximum value, 
i.e., when the effective stress at the 
surface of the mud cake has in- 
creased to 0.5 p (Line 3 in Fig. 2). 
The half value time, t = (uBh*) /6k. 

As the ratio, 8/k, is fairly constant 
for any mud cake the half value time 
depends on the viscosity of the fil- 
trate and the thickness of the cake 
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in the contact zone. For example, if 
the viscosity is 0.5 cp (55°C) and 
the cake thickness is 1 cm, then as- 
suming B/k = 10° sec/cm’ - cp, the 
half value time is 8,300 sec. For a 
cake of 0.3 cm this would be 830 
sec. 


The half value of the friction 


force, F’, is given by the formula, 
F’ = 0.5 flp. 


oh) 
which shows that F’, increases with 


the coefficient of friction, the length 
of the stuck collars, the differential 
pressure, the compressibility, the 
thickness of the mud cake, the devia- 
tion of the borehole and the diameter 
of the collars. It decreases for larger 
diameters of the borehole. 


For the two mud cakes in the~ 


stated examples and, assuming D = 
9% in., d=7 in., d; =3 in, p= 
20: -and. f = 0.5; 
the force F’ is 190 1b/ft stuck collar 


after 8,300 sec in the cake of 1 cm. 


and 120 lb/ft after 830 sec in the 
cake: of 03° cm, As Fis. 0:5 it 


follows that for a thick filter cake 
the friction force, F’, is initially 
smaller than for a thin cake. Even- 
tually, however, the thinner cake 
gives rise to the smaller value of F’. 

The force F” (see Appendices 6 
and 7) is smaller than F’ for large 
deviations and short sticking times. 
In straight holes, however, F’’ may 


may be several times larger than F'. 


The analysis of the friction force 
also shows that drilling with long 
strings of oversize drill collars is 
conducive to wall sticking by the fol- 
lowing. 

1. The axial extent of the contact 
zone is large. 

2. The high annular velocity fa- 
vors formation of thin mud cakes in 
the contact zone which leads to the 
rapid increase of the solid stresses to 
the “half value”, and what may be 
more serious, to cake build-up and 
correspondingly fast increase in con- 
tact angle when circulation is stopped. 

3. The small clearance tends to 
increase the initial contact area. 

In order to offset these disadvan- 
tages of “packed hole drilling”, 
which will be even more serious in 
deviated holes, the following meas- 
ures, some of which have already 
been accepted in the drilling indus- 
try, are suggested. 

1. The axial and circumferential 
area of contact may be reduced by 
using stabilizers or by welding “but- 
tons” onto the collars. Another ap- 


proach would be the use of twisted 
non-circular drill collars. 

2. Using muds of excellent plas- 
tering properties which reduce the 
rate of cake build-up when circula- 
tion is stopped. 

3. Keeping the interruptions of _ 
pipe movement as short as possible. 

4. Developing efficient methods of 
reducing the friction factor, e.g., by 
drill collar coating. 


5. Avoiding long strings of over- 
size drill collars in deviated holes. 


EFFECT OF STOPPING 
CIRCULATION ON 
DIFFERENTIAL PRESSURE 
STICKING 


In the previous sections it was 
assumed that circulation was con- 
tinued after pipe movements were 
stopped. In reality stopping of cir- 
culation and pipe movement will 
usually coincide. 


When only circulation is stopped, 
then the pressure at the bit will be 
reduced to its static value, the pres- 
sure differential across the mud cake 
becomes smaller and, with time, a 
new equilibrium is reached. 


The pressure lines are given in 
Fig. 3. Initially, just after circulation 
is stopped the effective stress re- 
mains unchanged and the change in 
differential pressure is fully taken up 
by the hydraulic stress so that its 
distribution is given by Line EF 
(Curve 1). In view of the difference 
in pressure between B in the forma- 
tion and F in the mud cake, water 
will flow into the mud cake (Curves 
2 and 3) from the formation. This 
flow ceases when the gradient be- 
comes horizontal at B (between 
Curves 3 and 4) and from then on 
the filtration is again exclusively from 
the mud through the cake into the 
formation (Curve 4) and eventually 
the equilibrium gradient is ap- 
proached (Curve 5). 

At the surface (ED) of the mud 
cake the influence of this stress ad- 
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Fic. 3—Successive States OF STRESS IN 
THE Mup CAKE IF CIRCULATION Is INTER- 
RUPTED (Dritt Strinc Kepr Movinc). 
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justment is twofold. First, the gra- 
dient changes from EF to EB and, 
second, as the cake is no longer 
eroded by the ascending mud stream, 
it will increase in thickness. The 
first effect will be the same inside 
and outside the areas of (dynamic) 
contact between collars and cake but 
the second will be only noticeable 
outside the contact area. Conse- 
quently, the angle of contact be- 
tween collars and cake increases (Ap- 
pendix 4). When circulation is re- 
started, after pressure Curve EB has 
been reached, then a reverse pro- 
cess takes place and the curves are 
as in Fig. 4. Outside the contact area 
restarting of circulation will not only 
bring about a change in gradient but 
it will also erode the newly formed 
cake until its thickness, and there- 
by the contact angle, are reduced to 
their original values. This erosion, 
however, may be difficult to accom- 
plish’. 

Combinations of Figs. 2 and 3 
show the influence of stopping pipe 
movement and circulation on the sol- 
id stresses at the surface of the 
cake. 


Figs. 5, 6 and 7 show that due to 
the then prevailing high differential 
pressure, interruption of pipe move- 
ment before circulation is stopped 
with lead to rapid development of 
the solid stresses at the surface of 
the cake. On the other hand, stop- 
ping circulation first tends to increase 
the contact angle. 

When the drilling mud has good 
plastering properties and the diameter 
of the drill collars is ‘normal’, then 
the increase in contact angle is small 
and stopping circulation well ahead 
of pipe movement would appear to 
be the best practice. 


Once the collars have become 
stuck, restarting circulation will only 
be beneficial when the sticking is 
due to relatively low effective stresses 
in a large area of contact which may 
be reduced by erosion (oversize col- 
lars, poor quality mud). When the 
collars are stuck in a good mud cake 
and the erosion caused by restarting 
circulation is small, then the circula- 
tion will only lead to a more rapid 
increase of solid stresses and, hence, 
also of friction forces. 


EFFECT OF PRESSURE 
REDUCTION, SPOTTING AND 
FRACTURING ON THE 
STUCK COLLARS 


PRESSURE REDUCTION 


The effect of circulating water in- 
stead of mud in the borehole after 
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Fic. 4-—Successive STATES OF STRESS IN 
THE Mup Cake CircuLation 1s RE- 
sumep (Dritt String Kept Movinc). 
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Fic. 5—SuccessiveE STATES OF STRESS IN 
tHe Mup GAke BEHIND THE STICKING 
CoLLarRs IF CIRCULATION AND PIPE 


MoveMENT ARE STOPPED 
SIMULTANEOUSLY. 
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Fic. 6—Successive States OF STRESS IF 
Pipe Movement 1s Stoppep First AND 
CIRCULATION WHEN S, = 0.5 p. 


the collars have become stuck may 
be described as follows. 


Suppose that the mud pressure is 
pm» and that the reservoir pressure is 
p;. Before the pipe stuck the hy- 
draulic stress at the outside surface 
of the mud cake, w, = p,,. and the 
solid stress there s, = 0. At the con- 
tact face between mud cake and a 
mation w, = p, and s, =p, — 
(Fig. 8). During the sticking w, fe 
creases gradually to p, and s, in- 
creases to pn — p,; (Fig. 9). If the 
pressure is now reduced to p,’ by 
circulating fresh water (p’ < p,), 
then, initially, no change will be ob- 
served in the solid stresses and s, = 
So = Dm — ps. The. hydraulic stress, 
however, will drop to — (p, — 


p;), the pressure required for equi- 
librium with the reduced pressure in 


Fic. 7—SuccessiveE STATES OF STRESS IF 
CIRCULATION IS STOPPED First AND PIPE 
MovEMENT WHEN CurRVE 2 1s REACHED. 


Pr 


Fic. 8—InitTisL Stress STATE IN 


Mup CAKE. 
an 
Ss 
w=0 Pt 


Fic. 9—Finat Stress Sratr 1x Mup 


CAKE AFTER STICKING. 


the borehole. In the formation the 
reservoir pressure is of course unal- 
tered and equal to p,. At the cake 
formation interface the pressure drop 
is equal to p, — p,, the formation 


starts to produce, the solid stress be- 
comes negative and the mud cake 
is forced into the borehole (Fig. 10). 
The time required for the mud cake 
to detach itself from the wall de- 
pends on the difference between p, 
and p’ and on how strongly the cake 


is “anchored” to the wall. Conse- 
quently, if the collars can now be 
pulled then the plane of sliding will 
not be between the collars and the 
cake but between the cake and the 
formation. 


As this phenomenon of cake col- 
lapse will not be limited to the stuck 
zone but extend to the entire per- 
meable section of the hole, reducing 
the pressure to below the reservoir 
pressure will result in the gradual 
collapse of large sections of the mud 
cake, and the collars, although no 
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= — 


Fic. 10O—A Srress State In Mup 
ATTER CIRCULATION TO WATER. 


longer wall stuck, may now stick in 
this loose cake. It would, therefore, 
appear that this method of freeing 
wall-stuck pipe is only suitable if the 
permeable section of the hole is short 
if no difficulty has been experienced 
with unstable shales and if no ab- 
normal pressure zones have been 
drilled through. The circulation with 
water will have to be continued for 
a considerable length of time if the 
formation pressure is low and if, due 
to poor plastering properties of the 
mud, the skin effect is pronounced. 
The disadvantage of a pressure re- 
_duection in the entire borehole, as 
just described, may be avoided by 
screwing a formation tester onto the 
stuck drill collars after the drill pipe 
has been backed off. Reduction of 
the borehole pressure under the 
packer to atmospheric may then re- 
sult in an immediate collapse of the 
mud cake and freeing the stuck col- 
lars. This method has met with some 
success’. 


The intermediate solution would 
be to reduce the pressure in the bore- 
hole to a value slightly above the 
reservoir pressure by circulating to a 
light mud. This would lead eventually 
to solid stresses in the mud cake 
equal to the difference between the 
reservoir pressure and the reduced 
borehole pressure. It seems doubtful, 
however, that solid stresses of this 
magnitude would permit pulling of 
the pipe. 


SPOTTING’ 


The following theory is advanced 
for the mechanism effecting the re- 
lease of stuck drill collars by “oil 
spotting”. It is based on the well- 
known fact that ciay-mud cakes are 
virtually impermeable to oil. There- 
fore, if the mud in the stuck zone 
is replaced by oil, filtration into the 
mud cake ceases. As, however, the 
pressure differential is unaltered by 
the spotting, filtration from the mud 
cake into the formation continues. 
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This process is similar to the one pro- 
ducing the shrinkage of the cake in 
the contact zone. The effect of the 
spotted oil is thus to offset the in- 
crease in contact angle as caused by 
the shrinkage of the cake inside the 
contact zone by an equal shrinkage 
of the cake outside this zone. This 
residual pull-out force is thus only 
dependent on the differential pressure 
acting in the initial contact area (Ap- 
pendix 8). It would, therefore, ap- 
pear that the reduction in pull-out 
force by spotting is most pronounced 
in those cases where the initial angle 
of contact is small, i.e., in straight 
holes drilled with normal sized col- 
lars (Appendix 3). 


FRACTURING 


Instead of equalizing the pressure 
in the borehole and in the formation 
by reducing the former, this might 
be accomplished by forcing an in- 
crease in the latter. To this end the 
cake and the formation may be frac- 
tured by squeezing oil, thus permit- 
ting a relatively unobstructed flow of 


fluid into the formation behind the > 


stuck collars. Once fracturing has 
taken place the pressure should then 
be released, allowing additional oil 
to flow by differential pressure into 
the formation through the fissures in 
the cake. The success of this method 
seems, however, dubious because: 
(1) the fractures would have to de- 
velop in the stuck zone, and (2) the 
differential pressure is initially in- 
creased thus accelerating the develop- 
ment of high solid stresses in the 
mud cake. 


THEORETICAL CONCLUSIONS 


1. When pipe movement is inter- 
rupted the static contact between the 
drill collars and the mud cake stops 
the flow of filtrate from the mud into 
the area thus isolated. 

2. The influence of this shut-off 
on the stresses in the mud cake is 
twofold: (a) the stresses between the 
solid particles of the mud cake at 
its surface, as well as inside, start 
to increase with time while simul- 


taneously the hydraulic stresses in ~ 


the cake start to decrease at the 
same rate; and (b) as the pressure 
on the isolated area of the cake is 
unaltered, water will be squeezed 
out of it into the formation. As no 
water can enter the cake, the water 
content decreases and the cake 
shrinks. 

3. As a result of the process out- 
lined under 2a, the pressure on the 
contact surfaces between the drill 
collar and the mud cake changes 


gradually from hydraulic to sala 


pressure. Since the friction factor be- 
tween steel and water is negligible 
compared to that between steel and 
clay, the force required to overcome 
the friction also increases with time. 


4. In view of 2b the area of con- _ 


tact between the collars and the cake 
increases. In each new point of con- 
tact, the filtrate flow into the mud 
cake also ceases and additional fric- 
tion forces are created. 

5. The pull-out force required-to 
overcome the friction must be equal 
to the sum of the friction forces de- 
scribed under 3 and 4. 

6. The area of contact will also 
increase by additional deposition of 
mud particles at the edges of the 
contact zone if circulation is stopped. 
This increase may be eliminated by 
restarting circulation. The advan- 
tage of stopping circulation at an 
early stage is a reduced pressure dif- 
ferential. 

7. Conditions conducive to wall 
sticking are: (a) oversize drill col- 
lars; (b) Icng strings of drill col- 
lars; (c) high deviation of the bore- 
hole; (d) high weight, high water 
loss, and high solids content of the 
mud; and (e) any interruption of 
pipe movement and long interrup- 
tions of circulation when mud quali- 
ty is poor and annular velocity high. 

8. Preventive measures against wall 
sticking are: (a) reducing the con- 
tact surface between collar and cake 
(stabilizers, buttons, twisted non-cir- 
cular collars); (b) reducing the fric- 
tion factor between steel and clay 
(coating, oil emulsion or oil-base 
mud); and (c) avoiding the condi- 
tions mentioned under 7. 

9. It is suggested that the results 
obtained by spotting are due to 
shrinkage of the mud cake outside 
the contact area and the subsequent 
reduction in the angle of contact be- 
tween collars and mud cake. 

10. The method of freeing stuck 
drill collars by spotting is probably 
more effective if the friction force 
due to shrinkage of the cake is large 
compared to that developing in the 
initial area of contact, i.e., in straight 
holes drilled with normal size drill 
collars. 

11. The great volume of loose mud 
cake in the borehole after circulat- 
ing to water is caused by collapse 
of the cake under the influence of 
the reversed differential pressure. 


12. Remedial measures against 
wall sticking are: (a) immediate 
breaking of circulation and applica- 
tion of the maximum allowable ten- 
sion to the string as soon as the 
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sticking has been recognized to be 
caused by the differential pressure; 
(b) if conditions are suitable, reduc- 
tion of the differential pressure by 
prolonged circulation of water or pre- 
ferably of oil; (c) spotting and pro- 
longed intermittent circulation of oil 
in batches; and, (d) reducing the 
pressure in the hole to atmospheric 
by connecting a formation tester to 
the collars after backing off the drill 
pipe. This method should prove more 
successful, if first, oil-base mud is 
spotted around the collars. 


NOMENCUTUATURE 


(Small metric static system, g = 
gram force) 

a = angie of contact between drill 
collar and mud cake, meas- 
ured between the points of 
maximum and of minimum 
deformation of the cake 

B = coefficient of consolidation, 

Ae 
Ap 
coefficient of contact angle, 


, cm’/g 


II 


a 
Oak 
Wie 
Ca = coefficient of clay deposition 
D = diameter of the borehole, cm 
d = OD of drill collars, cm (sub- 
script i indicates ID) 
= angle of deviation of the sec- 
tion of the hole where drill 
collars have stuck 
e = volume of pores/total volu- 
ume = porosity ( — ) 
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e¢ = detormation of the mud cake 
at the midpoint of contact, 
cm 

F = friction force between mud 

cake and drill collars, g 

f = coefficient of friction between 

clay and steel, ( — ) 

y = specific gravity, g/cm’ 

h = thickness of mud cake, cm 

k = permeability of mud cake 

[(cm*/g sec) cp] 
= 1,000 darcies 

length of stuck drill collars, 
cm 

p = viscosity of filtrate, cp 

p = difference between pressure in 

borehole and formation 
fluid, g/cm’ 

r = distance between a point in 
mud cake or formation and 
center of borehole, cm 

pressure between solid par- 
ticle in mud cake (g/cm’), 
the “effective” or “solid” 
stress 

reduced time, 


k t 72 


“A 


v = velocity of filtrate inside mud 
cake before sticking, cm/ 
sec 

w = pressure of filtrate at a point 
in the mud cake in excess 
of reservoir pressure, 
g/cm’ 

Z = distance between a point in- 
side the mud cake and the 
formation, cm 
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Eq. 1 may be written, 


Po — Px ky 


De Pe 


k, 
PRESSURE GRADIENT IN MUD CAKE be 
DURING DRILLING 
In a cylindrical hole the pressure, p, of the filtrate | 
in the mud cake and in the reservoir may be calculated 
from the following formulas (Fig. 11). SORES ne 
at Do — De | HOLE 
= 
< r < ro) 
formation, p = p, 
ion, p =p lg r/r, Po 
At the boundary, between the mud cake and forma- 
tion, the velocity of water which filters out of the mud 


cake is the same as flows into the formation. Hence, 
according to Darcy, 


FORMATION 
x 

q 

= 

Py P pan 
ky ko 


Fic. 11—VerticAt Section Turoucn BoreHoLe 
Suowinc DirFerENTIAL Pressures (p,, p, De) 


AT DISTANCES r,, T, T,, FROM CENTER AND PrER- 


k, dp ks dp 
(cake) (formation) 
The pressure gradient for the mud cake is 
dp 
(2) 


rigr./(r, —h) 
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MEABILITIES (k,, k,) oF Mup Cake AND 


ForMATION. 
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Fo h 
lane 


or 
_ mp.‘ ler. + (p. — mp.) — lg (r, — h) 
+ (1 = m)-lgr, (r, — h) 


(8) 
in which m = k,/k,. 
By substituting p, from Eq. 3 in Eq. 2, ° 
dns rtm =m). lgr,’— Ie (r, = 
(4) 


As the permeability of the formation is usually high 
compared to that of the mud cake, the permeability 
ratio m will be close to zero and Eq. 4 becomes, 


dp Po — Pe 


In that case. the reservoir pressure p, will be reached 
at the boundary between the cake and the formation 
(Eq. 3). If the thickness of the mud cake is small 
compared to the radius of the borehole the term 
lg r./(r, — h) will be equal to h/r, and as this ratio 
is small, the ratio r/r,, which must satisfy the in- 
equality, 1 — h/r, <r/r, <1, will be close to 1. Eq. 
5 then becomes, 


(6) 


This formula is not affected qualitatively by the 
presence of a low permeability invasion zone in the 
formation. Application of Eq. 3 then shows that the 
pressure gradient may be written, 


d 

dr h(1 + mn) 
where m is the permeability ratio of the mud cake and 
the invaded zone and n is the ratio of the thickness of 
the invaded zone and the mud cake. It is assumed that 
the invaded zone is not much thicker than the cake 
and that the permeabilities of the cake and the invaded 
zone are low compared to that of the uninvaded for- 
mation. 


Eq. 7 shows that formation plugging reduces the 
pressure gradient in the cake. 


APPENDIX 2 


RELATION BETWEEN ANGLE OF CONTRACT 
AND DEFORMATION OF THE CAKE 


The angle of contact, a, is related to the consolida- 
tion, «, at the mid-point of contact by the geometric 
formulas, 


cos a = OF a = 
e(A + e)(A t+d+e)(d— 
(AA + 


in which A = D — d — 2h equals the diametral clear- 
ance between the centric pipe and the mud cake (Fig. 

As « is small relative to A and d, Eq. 8 may be 
approximated by a = CvV/e, in which C = 2, (/Al=- 
1/d)?. 

This means that for all hole sizes, pipe diameters 
and thicknesses of mud cake, a is (approximately) 
proportional to the square root of the penetration at 
the mud point of the contact area, if this penetration 
is small relative to the clearance between the centered 
drill collar and the mud cake. 
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Fic. 12—Cross Section or BoREHOLE SHOWING 
Contact Between Dritt CoLttar AND Mup Cake. 


— APPENDIX 3 


THE ANGLE OF DYNAMIC CONTACT 


If, in the section of the hole where the drill collars 
are resting against the lubricating film of mud, the 
deviation of the borehole from the vertical is 5 degrees 


_and if the angle of dynamic contact between the two 


surfaces (which is equal to the initial angle of static 
contact) is a, then the liquid pressure on the mud 
cake, as exerted per unit axial length by the component 
of the weight normal to the direction of the hole, is 


equal to W, = oe (d’ — dj) sin 8, in which y is specific 


weight of drill collar material (7.85 gm/cm’); d; is ID of 
the collars, cm; and d is OD of the collars, cm. 

The consolidation of the mud cake under the influ- 
ence of a mud pressure, Ap,, in excess of the differen- 
tial pressure, p, is equal to 126 A pyh = ey, Or Apy = 
2e,/Bh. (It is supposed that the hydrodynamic pressure 
build-up in the lubricated zone may be neglected.) The 
situation is shown in Fig. 13; a; is the angle of dynamic 
contact and e, the depth of penetration at the mid-point 
of the contact area. At an angle, y, the depth of pene- 
tration, ey = — 

For small values of a; and y, according to Appendix 2, 
e, = a’/C’ and «, = ¥"/C’, whence Ap, = 2(a, — 
/BhC. 

The total force, per unit axial length and normal to 
the contact surface, is therefore equal to 


| cos dy = (2a/ncp) | (a — cos dy. 


For small values of a, the force is equal to (4d a‘) 
/(3hC°B) and for equilibrium (4da’)/(3hC°B) = 
(d’ — sin 8, or 
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— d= 2h) 

In order to evaluate a, the following three examples 
are given. 

1. 9% in, d = 7 in., = 3-in., p = 10° 
6 = 0:5 10° cm’/kg, h-=.1,cm, = 5°. 
Substituting these values in the formula gives a, = 1°48’. 

=956 in, d= 7 in, d, = p— 10 
«107 cm’/ke; h= 1.5" em, 152, 
28. 

10° g/cm’, B = 6 X 10° cm’/kg, h = % in., 5 = 90°, 
= (5/32 = (8°25) (see Ref. 

The formula shows that a; increases with the devia- 
tion of the borehole, the thickness of the mud cake, the 
compressibility and the OD of the drill collar. Further- 
more, a, decreases with the diameter of the borehole. 

The compressibility, 8, has been determined from 
Terzaghi’s plot of the void ratio vs pressure for soft 
Detroit clay’. The compressibility decreases as the 
differential pressure increases. 


APPENDIX 4 


INCREASE IN CONTACT ANGLE DUE TO 
CAKE BUILD-UP 


As sections of the mud cake are isolated and circula- 
tion is interrupted the remaining “free” cake starts 
to increase by additional deposition of mud particles, 
and also a; increases. 

If the initial angle of contact is equal to a, then, 
according to Appendix 2, a, = CiV«. 

After a time, ¢t, the thickness of the mud cake will 
be equal to \V/(h’,+ 2c, kpt) = h. The initial penetra- 


tion, ¢,, will then have increased by the same amount 
as the free cake and is equal to = (h’,+ 2c, 


kpt)? — h,. The new angle of contact is a = C\/e« and 
therefore, 


in which C da 
Doh, 


dc= 


*Tube filled with mercury. 


Fic. 13—Cross Section or BorEHOLE SHOWING 
IniTIAL ANGLE oF q;. 
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Substituting C’ and C’ in Eq. 9 gives 
— 2h, : 2h) 
in which h = \/(h, + 2c, kpt). By restarting circula- 
tion, hh, and a> 


APPENDIX 5 


SOLID STRESSES AT THE FACE OF THE 
MUD CAKE 


Although the flow of filtrate through the mud cake is 
radial, the problem may be treated as one-dimensional 
in view of the relative thinness of the cake and relatively 
high permeability of the formation (Appendix 1).** 

These one-dimensional problems are common in the 
theory of soil mechanics and were investigated by 
Terzaghi’, who derived the formula, c(@’w/0z’) = 
in which c = k/(pf). 

The boundary conditions for this equation in the 
case of wall sticking are: (1) the excess hydraulic 
stress at the formation is equal to zero at all times, or 
w(o,t) = 0; (2) the initial excess hydraulic stress dis- 
tribution in the mud cake is linear, or w(z,o) = 
(pz)/h; and (3) no water can enter the cake during 
sticking, or 0 w(h,t) /oz = 0. 

Although the mechanical analogy is not so obvious, 
the boundary value problem as defined by Terzaghi’s 
equation and the boundary conditions 1 to 3 has an 
equivalent in hydraulic structure (the placing of a 
hydraulic fill on an impermeable base) which was 
solved by Terzaghi and this solution is therefore ap- 
plicable also to the wall-sticking problem. (The same 
boundary value problem arises if in a slab of homo- 
geneous material the temperature increases linearly 
from zero at one side to a given temperature at the 
other side which is then insulated, while the tempera- 
ture at the first side is kept constant at zero.) Rigorous 
solution of the problem gives the following formula 
for the excess hydraulic stress. 


sin [Qn = 1)az/2h] ; 


in which 7 = (kz°t)/(4uBh’). 
The solid stress at the contact face between pipe and 
cake is then equal to 


Shr) =p f (8/n2) 


eExpal= ly) 
(2n 1)* | 

As these formulas for w and s are not very suitable for 
engineering purposes, Terzaghi introduced an approxi- 
mate solution assuming that the lines,w(z,r), are para- 
bolic for small values of 7 (see Fig. 2). 

Applying this method to the problem under consider- 
ation, the following formulas may be derived. 


w(z,7) = — (\/6/r) vil — — z/h)*/247 


This formula is valid for 0 <7 < (a°/24) and 1 — 
(2V/6/m) 

Substituting z= h, the solid stress at the contact 
ace, 


**“The small tangential flow along the line of contact betw th 
drill collar and the mud cake is also neglected. This is pemicible 
if the angle of contact is not too small and the mud cake is thin. 
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ey 
(D/2)-h 


_S(h,7) = p(V 6/7) Vr 
for 0<7 < (7°/24) (first period). For larger values 
of +, the second period, the solid stress may be ap- 
proximated by 


s(h,r) =p = Ye (120/) 


(7°/24) <r<K (second period). 
In order to apply these formulas for numerical calcula- 
tions the constants in the reduced time, + = (kz’t) / 
(4uBh"), have to be determined. 

Terzaghi® found that for different clays the value of 
k/ varies from 10~ to 10% cm’ - cp/sec (depending on 
the liquid limit of the sample) if p is in the pressure 
range 1 to 4 kg/cm’. As k and 8 both decrease rapidly 


for higher values of p, the ratio k/@ will be fairly con- — 


stant. Nevertheless, under actual borehole conditions, 
where p is often in the order of 50 atm, a value of 10° 
would probably be too low and although no accurate 
data are available it is suggested that the ratio may then 
approach 10° cm’ - cp/sec. 

If the borehole temperature in the stuck section is 
55°C then 4 = 0.5 cp and for a cake of 1-cm thick- 
ness the length of the first period would be 1/6 X I’ X 
0.5 X 10° = 8,300 sec or 2 hours 18 min. For a cake of 
_ 0.3 cm the length of the first period would be 830 sec 
or 14 min. 

During the first period the effective stress increases 
from zero to 2p (the half value). 

In order to compare the solid stresses computed from 
the rigorous solution of the problem with those given 
by the approximation, reference is made to Fig. 14 and 
Table 1. 

The approximation shows values of the solid stresses 


which are from 5 to 8 per cent too high, a margin small - 


enough to justify use of this approximation in further 
calculations. 

The friction force, F’ = s,- f-1-d- a, (see previous 
section “Analysis of Friction Force”). Substituting for 
s, the formula, s (hA,t), and for a; the formula of Ap- 
pendix 3, the following formula may de derived for F’. 


yBd(d@ — d)(D — 2h) sind 3kt 

~ — d — 2h) 2 

6k 


for 


and at the end of the first period, 

(D — 2h) sind 
4(D — d — 2h) 
_The final value of F’ is equal to F’., = 2F,. Substitut- 
ing the values of a,, as computed in Appendix 3, in the 
-formula for F; and assuming f = 0.5, we have, 
= 2.7 kg/cm of collar stuck 
Q) a,=2° 28. F,=125. kg/em of collar stuck 


(3) a, = 17° = 3.2. kg/cm of collar stuck 
S(hr)/p 
Z 
10 = 
VA 
1041 
107 r 10 


Fic. 14—Retation Betwren Stress AT 
Surrace oF Mup CAKE AND STICKING TIME. 


VOL. 213, 1958. 


TABLE 1 
n=1 (Ai 
s(h, T)/p = 
(V 6/m) VT (B) 
1— exp — — 2] (m?/24) (C) 
T Formula A Formula B Formula C 

0.0005 0.01 + 0.017 
0.0010 0.02 +4 0.025 
0.0015 0.03 0.030 
0.0025 0.037 0.039 
0.0050 0.051 0.055 
0.0100 0.072 0.078 
0.0200 0.102 0.109 
0.0300 0.124 0.134 
0.0500 0.161 0.174 
0.0750 0.197 0.213 
0.1000 0.227 0.246 
0.1500 0.278 0.302 
0.2000 0.321 0.348 
0.4000 0.454 0.493 
0.7500 0.617 0.669 
1.0000 0.702 0.756 
2.5000 0.933 0.961 
5.000 0.995 0.998 


(4)a, = 18°25’ = 3.5 kg/cm of collar stuck 


APPENDIX 6 
SHRINKAGE OF MUD CAKE DURING STICKING 


The specific shrinkage of a clay layer, due to changes 
in the external load is expressed by the formula’, 
(de = — Therefore, 


[tana in which E, = = 


For the wall sticking problem, Ev: = A Bph and with 
w(z,t) from Appendix 5, 


nt OF 
forO<Tr<o. 

Again supposing that the curves for w(z,z) are para- 
bolic (see Appendix 5,) an approximate value for ¢ 
may be computed from the formulas, « = (48phr)/z’, 
for0 <7 < (7°/24) (first period), and 


1—2/3 exp— {(12/z°) —%} | 


for (a7 /24) Qo (second period). 

These formulas show that initially the shrinkage is 
directly proportional to the sticking time. 

Fig. 15 and Table 2 have been prepared to demon- 
strate the extremely small difference between the exact 
and approximating formulas. 

The degree of shrinkage, Bph) = (87)/7’, for 
O<7r<(m'/24), and at the end of the first period, 
e/(%Bph) = 1/3. At the end of the second period, 
w(z,t) =0 and = “’%Bph. 


APPENDIX 7 


EFFECT OF SHRINKAGE ON THE 
PULL-OUT FORCE 


According to Appendices 5 and 6 the solid stress at 
the contact face during the period when r< (2/24) is 
s(h,rt) = (pV/6/7)\/7 and «, = (48phr)/z’. 

If for 7 = O the initial angle of contact is a; and, by 
maintaining circulation no additional mud cake is de- 
posited, then the initial penetration into the mud cake 
is e, and according to Appendix 2, e, = a /C’. When 
at time 7, the contact angle has increased to «,, then 
the consolidation at the mid-point of contact is equal to 
(a,— /C* = (48 The reduced 
time, 7, required for this consolidation is, therefore, 
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Fic. 15—Retation BerTween SHRINKAGE OF Mup 
CAKE AND STICKING 


Ta = (a, — /48 phC’. A point at the surface with 
contact angle, / (a, < ¥ <a.), comes into contact with 
the pipe after a time, 7, = (y* — a*)m’/4BphC’. As the 
consolidation proceeds and the angle of contact reaches 
a, the solid stresses at point w increase. The time dur- 
ing which the process takes place is tz — Ty = (a, — 
/4BphC’. The solid stresses at point have then in- 
creased from zero to s(¥) = (p\V/6/m) Vta — Ty = 

The total radial force exerted on the pipe by par- 


ticles of the mud cake in the range, a, <w<a., is equal 
to 


ao a 


V1 = (a/a.)? — V1 — (ai/a.)'] = F”, where 
F” is the additional pull-out force due to the increase 
in contact area during shrinkage of the mud cake. 


As during the first period, s = (p/6/z) Vt, and 
tT = — /4BphC , the pull-out force F’ = sflda; 


=Ifd/C\/3p/2Bh: (a:/a.)/1 —(ai/a.)*. By writing 
Ift/C\/3p/2Bh = a and \/7 = 
V (a./a,)* — 1 = tan F’ =aa’, tan and F” = ¥2 aa’ 


( —tan F =F’ + FY ( 
cos’n 


2 


+ tan 7 Yaa | (1 + tan*by/7 + | 


aba\/7\1 + & » where b = 
n=1 4n 1 


VBph, <1 andr < 7’/24. 

This formula shows that a first approximation of F is 
given by F = fldpa; (\/6/7)\/r, which is the same as 
given in Appendix 5 if the correct values for a; and + 
are substituted. 

The formula shows that the pull-out force is propor- 
tional to the square root of the sticking time and is 
directly proportional to the differential pressure. These 
conclusions are confirmed by laboratory experiment.’ 

The extent to which the pull-out force deviates from 
the square-root law depends on the relative magnitude 
of the increase in contact angle with time. To evaluate 
the ratio F”/F’, the following two examples are given. 
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TABLE 2 


(— 1)"+1 exp [— (2n — 1)?7] 
3) 
/(Y2 = 0<r<o (A) 
(87)/ 7? 0<7<(m?/24) (B) 
1 — 2/3 exp— [(127/m*) — (7?/24) 
T Formula A Formula B Formula C 

0.0005 0.0005 0.0004 
0.0010 0.0009 0.0008 
0.0015 0.0013 0.0012 
0.0025 0.0021 0.0020 
0.0050 0.0041 0.0041 
0.0100 0.0082 0.0081 
0.0200 0.0162 0.0162 
0.0300 0.0244 0.0243 
0.0500 0.0406 0.0406 
0.0750 0.0608 0.0608 
0.1000 0.0811 0.0811 
0.14500 0.1214 0.1217 
0.2000 0.1613 0.1622 
0.4000 0.3093 0.3244 
0.7500 0.4152 0.5585 
1.0000 0.6203 0.6742 
2.5000 0.9153 0.9669 
5.0000 0.9930 0.9975 


Example 1: D = 9% in., d=7 in., h = 1 cm, d; = 3 
in., 8 = 0.5 X 10° cm’/kg and p = 20 kg/cm* (Appen- 
dix 3). The initial angle of contact, a; = 1° 48’, and 
the angle of contact at the end of the first period, the 
length of which is 1/6 h’uB/k = 1/6 XP X % X 10° 
= 8,300 sec, is equal to 

a, = V (a, + 1/6 BphC’) = 


V/_(0.0313? + 1/6 X 0.5 X 10° X 20 X 1X 1.04 = 
0-139 or a, /F 0.226 — 0.219) 
(2 X 0.219) ~ 2,5. As F’, = 2.7 kg/cm of stuck collar 
(Appendix 5), it follows that F,= F'}+ F,/ =3.5 X 
2.7 = 9.45 kg/cm. 

Example 2: D = 3 in. d = 2% in., d, = 1,815 in., p 
= 7 X 10° g/cm’. For h = 5/32 in., the initial angle of 
contact is 18° 25’, assuming that k = 0.6 md, 6B = 
6 X 10° cm’*/kg and = 1 cp, the length of the first 
period is in the order of 1/6 X 0.397? X 10° = 2,500 
sec = 40 min. The angle of contact at the end of the 
period is 

ag = (0.3189? 1/6 <6 107 X 7 X0.397 5.70) 
= 0.511 a, = 30° 45’. 

F’'/F’ = (1.571 — 0.673 — 0.487) /(2 X 0.487) =0.41. 
The force, F;’ is now less than the force F’ , and F, = 
1.41 X 3.5 = kg/cm. 

If the sticking continues beyond the first period, a, 
increases until eventually, a, = \/(a@,+ phC’). Then 
the maximum required pull-out force, 

F = pfld Vo, + YB phC’. 


APPENDIX 8 


THE FINAL PULL-OUT FORCE AFTER 
SPOTTING 


It was shown in Appendix 7 that the final angle of 
contact between the mud cake and the embedded col- 
lar is equal to a, = \/a* + Y% BhpC*. When oil is spotted 
the mud cake outside the contact area will, with time, 


be compressed to h — 4% hp. The residual penetration 
of the collar into the mud cake is then equal to ¢, = «, 


— ¥% Bhp or e, = e, from which follows, a, = & a;, OF 

" = 2h) — d= — 

As the factor under the root sign is very nearly equal 

to one, the residual angle of contact is equal to the 

initial angle and the final pull-out force F, = F’,. *kx 
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Application of Decline Curves to Gravity-Drainage 
Reservoirs in the Stripper Stage 
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ABSTRACT 


In a recent publication’ it was shown that wells with 
a free surface in a homogeneous gravity-drainage res- 
ervoir have a hyperbolic decline with index n = 2, 
qa/qi = 1/(1 + yt)*. This paper reports efforts to ex- 
tend this theory to practical field cases. 

As a first step in making the extension, a ee num- 
ber of lease production curves from gravity-drainage 
fields in the stripper stage were fitted with the general 
hyperbolic decline equation, q/q: = 1/(1 + yt)", y and 
n in each case being determined by statistical methods. 
It was found that this equation is reliable for decline 
curve extrapolation for periods up to at least 25 years. 

The results obtained were disturbing in the sense 
that values for the index, n, were often smaller than 


one, which fact leads to the prediction that-a well 


would produce an infinite amount of oil in infinite time. 
A theoretical investigation based on the results of the 
previous paper provides a suitable explanation for these 
low values of n. It suggests that these are obtained if 
production occurs from two or more layers of different 
permeability and thickness or two layers having differ- 
ent skin effects. It is predicted that as the more per- 
meable layers are exhausted, the index of decline, n, 
_ will rise from a value smaller than 2, to n= 2. 

A practical method is given for fitting the general 
hyperbolic decline Eq. 6 to production decline data. 
When this method is used, the index of decline observed 
in gravity-drainage reservoirs in the stripper stage when 
using only data over early years of decline usually 
agrees quite closely with that determined using data 
over 25 years or more. This indicates that the hyper- 
bolic decline equation is reliable for predicting behavior 
of such reservoirs. A method is also suggested for tak- 
ing into account any changes in the value of the index 
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of decline, n, which may be expected during the Balls 
ofa en or lease. 


INTRODUCTION 


As a result of both experimental work with models 
and theoretical deductions, it was recently concluded’ 
that wells having a free surface in a homogeneous res- 
ervoir producing by pure gravity drainage should have 
a hyperbolic decline with n = 2. 

qd 1 
(1 yt)’ (1) 

The present report details efforts to extend this work 
on ideal homogeneous reservoirs to actual field cases. 
It should be remembered that both the previous work 
and the present extension are based on the assumption 
that the reservoir is at very low pressure, and hence, 
nearly all the potential available for driving fluid to 
the well is the gravity head. Attempts to apply conclu- 
sions of this study to reservoirs which have consider- 
able pressures supplementing the gravity drive may lead 
to difficulty. 


WELLS WITH NO FREE SURFACE 


In a dipping gravity-drainage reservoir such as that 
shown in Fig. 1, some of the down-dip wells have no 
free surface. The previous study’ showed that the up- 
dip wells, which have a free surface, should follow Eq. 
1. The following approximate analysis, of a type which 
was justified experimentally for up-dip wells in the work 
just mentioned, leads to results for the down-dip wells. 


GAS 
SURF 


SUCH WELLS SHOULD HAVE 
HYPERBOLIC DECLINE 


SUCH WELLS SHOULD HAVE CONSTANT 
PERCENTAGE OECLINE 


Fic. 1—WELLS in A GRAVITY-DRAINAGE RESERVOIR. 
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Fic. 2—DRrAINAGE AREAS OF Down-piIP WELLS. 


First, note that the drainage areas of these down-dip 
wells must, for an incompressible fluid, look something 
like those shown in Fig. 2. If no free surface is to 
form, fluid must flow into an area around each well to 
replace that which flows out. The flow in any drain- 
age area may be approximated as a linear down-dip 
flow plus a radial flow, as shown in Fig. 3. In many 
cases the drop in flow potential in the linear section 
will be only a small fraction of the drop in the radial- 
flow section. Neglecting the linear drop, we can write 
after Muskat’ the following equation for production 
rate at the well. : 


mk, Apg [2hH cos 6 — (H cos — h’,] 


re 
In— 


This rate must be equal to the rate of change in drain- 
age volume with time: 


q= ay (drainage volume) = 
where D is a constant. Eq. 3 follows from the fact that 


the radial part of the drainage volume is constant, but 


the volume of the linear part is proportional to the - 


height of the free surface, h. 
Equating Eqs. 2 and 3, integrating, and resubstituting 
in Eq. 2 gives 
where q; is the production rate at time t = 0, when 
h=h,. 
The quantity a is given by 
27k,Apg sin 6 


= In 


’ 


where w is the width of the linear part of the flow 
path. 


Although this analysis is only approximate, it does in- 
dicate that in a limiting case certain wells in a gravity- 
drainage reservoir might experience an exponential de- 
cline according to Eq. 4. Such behavior gives a straight 
line when the rate, q, is plotted vs the time, t, on semi- 
log paper. This behavior has been called constant-per- 
centage decline. 


LAYERED RESERVOIRS 


LAYERS WITH FREE SURFACE 


Suppose that at a particular well in our gravity- 
drainage reservoir the formation consists of different 
layers of porous medium separated by shale. Then, if 
the well is pumped off, each layer in which there is a 
free surface around the wellbore will have a decline 
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RADIAL LINEAR 
SECTION SECTION 


Fic. 3—APPROXIMATION OF DRAINAGE AREAS. 


of the type given by Eq. 1. The combined behavior of 
the two layers is given by 


Gat diz Dix diz 
(5) 


where q,, is initial rate in Layer 1, qi. is initial rate in 
Layer 2, and f; and f, are constants. It can be shown 
analytically* that the combined behavior of the layers 
formally follows a hyperbolic equation for small times. 


Although this behavior is formally true only for small 
times, it has been discovered empirically that it is a 
good approximation over a large fraction of the decline. 
The value of the constant, n, depends on the charac- 
teristics of the two layers; for the cases where an oil- 
gas free surface intersects the wellbore in each layer, 
n < 2. As an example, Fig. 4 shows the true behavior 
of a two-layer gravity-drainage reservoir with the fol- 
lowing characteristics: k,/k, = 100, and hj/hi: = 0.1, 
where k is the permeability and A, is the oil-zone thick- 
ness at time, ¢ = O, in any layer. 

Also shown in Fig. 4, as circles and a dashed line, 
are the values obtained by fitting Eq. 6 to the true be- 
havior at an early time. The value of n obtained in this 
case was 0.665. It may be seen that the values calcu- 
lated for n = 0.665 agree quite well with the true be- 
havior until the rate drops to about 15 per cent of 
initial rate. The reason for the disagreement after that 
time is that the most permeable layer is almost ex- 
hausted of fluid. Nearly all the production is coming 
from the thicker, less permeable layer, causing the de- 
cline to become like that of a homogeneous reservoir, 
n= 2. 

The two-layer systems equivalent at early times (Fig. 
4) to Eq. 6 are shown in Fig. 5.** Here the ratio of 


*The analysis is made by using the binomial theorem to expand 
Eq. 5, collecting terms, and equating the leading coefficients to a 
similarly expanded Ea. 6. 

**These curves are drawn for the case of no skin effect. For a 
permeability ratio less than 100, a skin in the more permeable 
layer usually causes n to approach 2, since it makes the reservoir 
appear to be more homogeneous. A skin in the less permeable layer 
causes the value of n to decrease, the reservoir behaving as if it 
had a greater permeability contrast than it actually does have. 
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Fic. 5.—VALUES OF n FOR TWO-LAYER SYSTEMS. 
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Fic. 6—Turee Two-tayer Systems Havinc Hypersonic 
DECLINE (n = 0.7) at Earty Time, 


products of permeability and initial oil-layer thickness 
(kxh;:/khiz = c) is plotted vs the ratio of initial oil- 

“layer thickness (h,,/h;, = b). It may be seen that there 
are innumerable layer systems which will give the same 
value of n at early times. 


A comparison of the true behavior of three different 
two-layer systems, all of which may be fitted at early 
times by Eq. 6 with n = 0.7, is shown in Fig. 6. It may 
be seen that for low values of c the true behavior 
quickly falls below the calculated behavior for n = 0.7. 
For high values of c the true behavior matches n = 
0.7 behavior at early times, rises above n = 0.7 be- 
havior then falls below at very long times. The behavior 
of the c = 10 case is most like the behavior of Eq. 6 
with n = 0.7. 


By making additional comparisons of the type shown 
in Fig. 6, it was possible to find the two-layer system 
which best followed each curve of Eq. 6 for n = con- 
stant. The intersection of the dotted line is Fig. 5 with 
each curve of m = constant gives the best fitting curve 


for that value of n. For example, the best fitting curve 


for n = 0.7 is the two-layer system, c = 10.5 and b 
= 0.108. 

It is believed that these “best fitting” two-layer cases 
may be quite useful in extrapolating decline curves for 
n < 1 to very long times. Thus, suppose that we had 
fitted some observed field data by means of Eq. 6 and 
had found that n was 0.7. We know that such a decline 
could not last indefinitely because it would mean that 
eventually our well would produce an infinite amount 
of oil.* An extrapolation to very long times might 
similarly be unreliable. Let us determine whether the 
behavior of a two-layer reservoir could be used to guide 
such extrapolations. 


*For any value of » < 1, the ultimate recovery is infinite at in- 
finite time. 
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TABLE 1—VALUES OF b, c AND d TO USE IN 
EXTRAPOLATIONS 
These values of b, ¢ and d when substituted in Eq. 7 


give a curve which follows Eq. 6 the best, for the fol- 
lowing values of n. 


n b c d 
0.3 0.015 27.8 59.2 
0.35 0.0215 23.5 48.8 
0.4 0.0285 20 39.5 
0.45 0.038 17.3 
0.5 0.050 15 28.0 
0.55 0.062 13.5 24.4 
0.6 0.074 1255, 21.7: 
0.65 0.088 11.5 19.32 
0.7 0.108 10.5 17.28 
0.75 0.130 Oz 15.60 
0.8 0.152 9.0 14.05 
0.85 0.178 8.4 12.78 
0.9 0.210 7.8 11.60 
0.95 0.245 Was 10.61 
1.0 0.280 7.0 9.94 
1.1 0.370 6.3 8.56 
le? 0.475 5.78 7.51 
ies 0.62 5.35 6.68 
1.4 0.82 4.97 5.98 
15 1.10 4.65 5.41 
1.6 pos 4.40 4.95 
2.25 4.05 4.41 
1.8 3.78 3.65 3.86 
1.95 17.00 2.78 


For a two-layer reservoir of subsurface properties, 
such that c = 5, the production rate decline would be 
given by the lower curve in Fig. 6, and if the proper- 
ties were such that c = 20, the decline would be given 
by the upper curve. Thus, the best fitting curve, c =10, 
gives a kind of average behavior of all two-layer curves 
for n = 0.7. ss 


In the absence of better information, an extrapola- 
tion to long time based on this best fitting or average 
curve would seem to be the wisest. Similarly, extrapo- 
lation to long times for other values of n can be carried 
out with the best fitting curves indicated in Fig. 5 and 
tabulated in Table 1. The procedure for doing this will 
be indicated in a later section. 


ONE LAYER WITH FREE SURFACE, ONE WITHOUT 


In a manner similar to that indicated in the previous 
section, it may be shown that a well which penetrates 
two layers in a gravity-drainage reservoir, one of which 
has a free surface at the wellbore and one of which 
does not, will also have a hyperbolic decline for early 
times as given by Eq. 6. Values of n for such a com- 
bination range from zero to infinity. 

An example of such a combination is shown in Fig. 
7. For this particular combination of layers the be- 
havior at early times may be fitted by the case n = 1.05. 
After a certain time the layer without a free surface 
produces at only a very low rate, and the decline ap- 
proaches the n == 2 case. When the free surface reaches 
the wellbore in both layers, the exponent of decline 
may change again. 


COMBINED BEHAVIOR OF TWO WELLS 
HAVING DIFFERENT SKIN EFFECTS 


In actual analysis of gravity-drainage behavior we are 
usually concerned with lease decline curves in which 
the behavior of two or more wells is combined. If the 
wells are identical the combined behavior will be the 
same (relatively) as that of a single well. However, if 
the wells are identical except for skin effect it may be 
shown that the combined behavior will be different 
from that of a single well. To show this for the case 
where both wells follow Eq. 1, one need only add the 
rates for each well as calculated from that equation, 
noting, because of the difference in skin effect, that 
In In we set 
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Vw 2 2 
it is found after application of the binomial expansion 
to (q. + q:)/(qi1 + diz) that the decline at early times 
is of the type given by Eq. 6. 


qd 1 
where 
1 
2 


For A=1 (both skin effects equal) the above 
expression gives n = 2. Similarly, for A = 0 and A= o, 
we have n = 2. Minimum values of n occur for A = 
0.25 and A = 4, where n = 1.45. Thus, if we tried to 
fit Eq. 6 to the behavior of a lease containing two wells 
identical except for skin effect in a homogeneous reser- 
voir with free surface, we might find apparent values 
of 1 varying between 1.45 and 2.0; this variation could 
occur even though each well, if fitted separately to Eq. 
6, would give n = 2. 

From all the discussion thus far it would appear that 
we should not expect many lease decline curves to have 
an n value exactly equal to two. Deviations below this 
value could occur if two or more free-surface layers 
were connected to the well. Deviations above could be 
caused by presence of non-free-surface layers. Devia- 
tions could also be caused by combining the behavior 
of two or more wells and fitting Eq. 6 to lease behavior. 


In view of all this possible complexity, it might be 
asked whether one could ever hope to extrapolate field 
data accurately. However, it will be shown in the next 
section that apparently this can be done in gravity- 
drainage-type reservoirs for periods of the order of 25 
years and possibly more. 
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APPLICATION TO ACTUAL RESERVOIRS 


METHOD 

We have analyzed a number of actual field results 
to determine the observed range in values of n for 
gravity-drainage reservoirs. The method of analysis we 
used is a modification of a method proposed by H. M. 
Baud of the Shell Oil Co. The method consists of the 
following steps. 

1. Calculate g; by plotting for the early points either 
log q vs t or 1/q vs t, drawing the best line through these 
points and taking q; from the value of the line att = 0. 
The plot of log q vs t will give the better value for q; 
if the value of n is large (say greater than 2), while 
the 1/q plot will be better if n is low (say 2 or less). 

2. Calculate (qg,/q)”” for various values of n. 

3. For each value of 7 find the value of y that gives 
the best least squares fit to (qi/q)”" = 1+ yt. 

4, Compute deviations between observed values of g 
and calculated values of g for each value of n. The 
value of n which gives the lowest standard deviation is 
selected as the best value of n for this particular value 
of qi. 

5. Choose slightly different values for g;, repeating 
the above procedure until the g, which gives the min- 
imum standard deviation is found. The best value of n 
will be that corresponding to this value of g;. The value 
of q; chosen in Step 1 will very often be quite close to 
the “best” value of q;. 

This type of fitting can be done very rapidly on such 
computing machines as the IBM 650. 


RESULTS 


Three examples of field data fitted by this method 
are shown in Fig. 8. Since two curves are from different 
leases in the same field, we note that the value of n is 
not necessarily the same throughout one field. This is 
probably due to the fact that different layers or zones 
are open to production in the different leases in this 
field. A tabulation of values of n observed in several 
gravity-drainage fields is given in Table 2. 


RELIABILITY OF EXTRAPOLATION 


SHORT-TERM EXTRAPOLATION 


The heading of this section is somewhat misleading 
since “short-term” may be 25 years or more. The point 
we wish to make is. that, although an extrapolation 
based on a value of n < 1 may be adequate for many 
years, it cannot last forever. Before we consider this 
point in detail, let us first see how good the short-term 


- extrapolation is. 


Fleid 1, Lease C, n =.1.2 


Fic. 8—Fietp Data. 
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TABLE 2—VALUES OBTAINED FOR n IN GRAVITY- 
DRAINAGE FIELDS 


Years-1 
0.32568 
0.28380 
0.12796 
0.60515 
0.29264 
0.18958 
0.17708 
0.09606 
0.09400 
0.05762 
0.06404 
0.04542 
: 0.02168 
8.0 0.00728 
over 10 
over 10 


Field No. Lease 


NOAGH 


TABLE 3—RELIABILITY OF EXTRAPOLATION 


: Production history used Best value 
Field No. Lease to determine n and y, years of n 


A 25 


Qa 


The Tulsa area of Shell Oil Co. was the first to inves- 
tigate the accuracy of short-term extrapolations. In their 
study, values of m and y were determined for each of 
five leases using all the available production history, 
which ranged from 16 to 31 years. Next, n and y were 
redetermined by using only the first 0.75 of past life, 
then 0.5 and 0.25 of the past life. Results are given 
in Table 3. 

Except in one case, approximately the same value of 
n was obtained after analysis of seven years of life as 
after 25 or more. The exception was Field 9, where a 
six-year life history was used. Average yearly production 
figures were used in fitting these curves so that in this 
case, only six points were available. In all cases except 
that of Field 9, six-year life, the predicted ultimate 
recovery at economic limit, was in fairly good agree- 
ment whether based on long or short life.* 

At Shell Development we studied the reliability of 
extrapolation somewhat less completely than did Tulsa. 
We omitted the last 10 years of life for a number of 
cases, and then recomputed the best values for n. Results 
are shown in Table 4. Since the values of n obtained 
were about the same in every case, it would appear 
that a reasonably accurate extrapolation can be made 
after five to seven years of life for periods of up to 
27 years. 


LONG-TERM EXTRAPOLATION 

Particularly when the value of n is low, the years of 
life to the economic limit may be well over 50. An 
extrapolation based on low values of n for such long 
periods may be unreliable, as discussed previously. A 
safer extrapolation method is to use the best fitting 
two-layer curves given in Table 1. 


The procedure to use is as follows: (1) analyze the 


*The difference between ultimate recoveries predicted by n = 1.5 
and n= 1.0 is not nearly so great as that between n= 1.0 and 
n = 0.5. 
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TABLE 4—RELIABILITY OF EXTRAPOLATION 
Production history 


Field No. Lease used, years Best value of n 
Case A Case B Case A Case B 
6 A 27 17 1.6 1.1 
6 B 18 8 0.55 0.50 
6 le 27 17 0.6 0.55 
6 D 27 WA 0.8 0.75 
vA B 29 19 0.35 0.45 
7 A 31 21 0.4 0.35 
D 33 23 1535 
8 A 16 6 0.40 0.50 
3 B 10 5 0.80 1.45 
Cc 26 16 >38 16 to 17 
8 D 16 6 0.8 05 


field data by the method discussed under “Application 
to Actual Reservoirs,” determining best values of q;, y 
and n; (2) using Table 1, pick the values of b, c and 
d which give the best fitting two-layer curve for this 
value of n; and (3) substitute these values of g;, b, c, d 
and y into Eq. 7 and calculate q at any desired time. 
Eq. 7 may be obtained from Eq. 5 by taking @. = y/d, 
8; = cy/d, and noting that q.:/q.. = bc. The ultimate 
production from t = 0 to the time of economic limit, 
t., may be obtained from Eq. 8. It is necessary to obtain 
the time of economic limit by trial-and-error solution 
of Eq. 7 for t, at g = economic limit rate. 


1 fs be | 
| 
N, 1 1 be 
(8) 
d d 


Any consistent set of units may be used in these 
equations as well as in Eq. 6. The quantities, b, c and d, 
are dimensionless; y must have units reciprocal to ¢; in 
Eq. 7, gi: may be in any units; in Eq. 8, gq, must have 
the same time unit as ¢t. A consistent set is t = years, 
y = years’, q, = bbl/yr. If it is desired to use q; in 
bbl/day, multiply g; by 365 before substituting in Eq. 8. 


EXAMPLE 


For brevity, we will not go through the five steps 
given under “Method”, but will take the answer obtained 
from such a procedure and show how it may be used 
in an extrapolation, Let us choose an example case 
where we found g, = 2,900 bbl/mo, n = 0.5, and y = 
0.2701 yr’. Having determined the best values for 
qi, n and y, we may extrapolate into the future. Assum- 
ing that the n = 0.5 decline will last until the economic 
limit, we may calculate the time of economic limit from 
Eq. 6. For an economic limit rate of 500 bbl/mo we get 


(2,9007500) 
0.2701 
If this decline were to hold, the cumulative produc- 
tion from t = 0 to t = t, would be 


= 121 years. 


= 1,237,000 bbl . 
(The factor 12 converts q,; from bbl/mo to bbl/yr. 
Since y has units of years”, N, then is in bbl.) 


It is questionable, however, if the m = 0.5 decline 
would continue for 121 years. To obtain a more realistic 
estimate of future production we can use the two-layer 
curve Eq. 7, taking values of b, c and d from Table 1. 
From this table we note that for n = 0.5, we have 
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= 15, b = 0.05, and d = 28. Substituting in Eq. 7 we 
have 
0.5714 0.4286 (9) 
(1. 
Values of q calculated from Eq. 9 for gq: = 2,900 
bbl/mo are shown in Fig. 9. Shown for comparison are 
values calculated from the ordinary hyperbolic equation, 


qd 1 

This particular two-layer production curve rises above 
the n = 0.5 curve, then falls below at large time. The 
cumulative production from t=O to t=Ff, is given 
for the two-layer case by 


(12 qi)t. / 1 be 


+ 
yt. cyl, 
7 


where the factor 12 converts g; from bbl/mo to 
bbl/yr. Since ¢, is in years, N, is in barrels. For 
t, = 86.7 years as obtained by trial-and-error solution 
of Eq. 9 at g = 500 bbl/mo, we get for the two-layer 
case, N, = 1,035,000 bbl. This differs by 20 per cent 


N, = 


from the estimate obtained by using the hyperbolic 


decline curve, n = 0.5. 


CONCLUSIONS 


The hyperbolic decline Eq. 6 has been found to be. 


very useful and accurate in extrapolating decline curves 
for gravity-drainagc-type reservoirs for periods of at 
least 25 years. Agreement of model and theoretical 
results and predictions with observed declines help to 
place methods of decline-curve extrapolation on a firm 
basis. This work has also indicated a reasonable method 


for extrapolating these curves to very long times— . 


times at which the hyperbolic decline curve Eq. 6 may 
tend to predict an optimistic estimate of recovery. 


NOMENCLATURE 


2rk,Apg sin 


b = 


Co 


2 boa) 
g = acceleration constant due to gravity 
h = height of free surface of oil above bottom 
of formation or above a datum level 
h, = initial oil-gas interface level in an open 


hole at the radius of drainage, measured 
from bottom of formation; h;, refers to 
Layer 1, and h,, to Layer 2 
h,, = oil-gas interface level in wellbore r,, meas- 
ured from bottom of formation 
formation thickness 
absolute permeability; k, refers to Layer 1 
and k, to Layer 2 
permeability to oil 
exponent in Eq. 6 
pressure 
rate of oil production 
qd: = rate of oil production at time t = 0 
N, = cumulative oil production from time t = 0 
tot=t 


~ 


s 


r = radial distance 
r, = radius of drainage 
ly = radius of wellbore 
S = saturation, fraction of pore space 
S, = oil saturation in oil-filled part of reservoir 
(below free surface) 
S,, = residual oil saturation (above free surface) 
t = time 
t, = time at which economic limit rate is reached 
w = width of linear part ot flow path in Fig. 3 
1 
.Apghis 
= porosity, fraction 
y = constant in Eq. 6 
6 = angle of dip 
= Oil viscosity 


Ap = difference between oil and gas density 
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Improving Miscible Displacement by Gas-Water Injection 


B. H. CAUDLE 
A. B. DYES 
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Miscible displacement recovers all oil in the area con- 
tacted by the injected fluid, whereas water or immiscible 
gas drives usually leave substantial amounts of oil as 
residual. However, the noor mobility ratios associated 
with a gas-driven miscible displacement cause the sweep 
pattern efficiency to be much lower than that obtained 
with water flooding. One way in which the sween effi- 
ciency in a miscible displacement process can be in- 
creased is by decreasing the mobility behind the flooding 
front. This can be achieved by injecting water along 
with the gas which drives the miscible slug. This water 
reduces the relative permeability to gas in this area and 
thus lowers the total mobility. The main overating con- 
ditions for the simultaneous injection process are that 
a zone of gas exists between the miscible slug and the 
leading edge of the water and that a sufficient amount 
of gas be injected with the water to form the gas volume 
which is being left in the water zone. Laboratory model 
studies have shown that the ultimate sween pattern 
efficiency can be as high as 90 ver cent for a five-spot 
flooding system. If gas alone is used as the driving me- 
dium an ultimate sweep-out efficiency of about 60 per 
cent would be obtained in the same system. 


The miscible displacement processes are a step towards 
total oil recovery. Conventional gas or water drives 
usually leave 25 to 50 per cent of the oil as residual 
in the swept portion of the reservoir. This residual can 
be eliminated if the oil is driven by a fluid with which 
it is miscible. At some reservoir conditions natural gas 
will become miscible with the oil. This is the “high pres- 
sure gas process”.’ More often, the oil does not contain 
enough light hydrocarbons to cause the gas to become 
miscible with the oil at reasonable pressures. In these 
cases a small band of fluid which is miscible both with 
the oil and gas must be kept between them’. Less than 
2 per cent of the reservoir volume of the slug material 
is needed to keep the displacement miscible. 

Both processes work in the same manner, recovering 
all of the oil in the portion of the reservoir contacted 
by the injected fluids. The only difference is the manner 
in which the miscibility between the oil and the injected 
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gas is obtained. Previous publications have contained 
detailed descriptions of these processes.”””* 

However, total displacement of the oil in the swept 
region does not guarantee an efficient recovery process. 
The amount of oil to be recovered is also determined by 
the fraction of the reservoir contacted by the flood. This 
fraction is largely determined by the mobilities of the 
fluids. (The fluid mobility is the permeability of the 
rock to that fluid divided by the fluid’s viscosity, k/p). 
This dependence of the fraction swept on the mobility 
ratio has been shown in previous studies.”*" Fig. 1 
shows the ultimate fraction swept in a five-spot system 
as a function of the mobility ratio. The small drawings 
show the location of the areas left unswept for two dif- 
ferent mobility ratios. The ultimate fraction of the reser- 
voir swept is here considered to be attained when the 
producing stream contains less than 5 per cent oil at 
reservoir conditions. 


THE GAS-DRIVEN MISCIBLE DISPLACEMENT 


Since there is no oil left in the swept region after 
miscible displacement the mobility in this region is very 
high. It is often 50 times the mobility in the unswept 
regions. This means that the fraction of the reservoir 
contacted by the injected fluid will be less for a gas- 
driven miscible displacement than for a conventional 
water or gas drive. For a five-spot injection system, 
water would contact the entire reservoir volume, and 
the low pressure gas would contact about 90 per cent 
of this volume, while a gas-driven miscible displacement 
would only contact about 65 per cent of the reservoir. 
This poor sweep efficiency often offsets the benefits ob- 
tained through miscible displacement. Fig. 2 shows what 
the recovery curves for the three processes might look 
like for a five-spot system. The curves show the frac- 
tion of the in-place oil recovered as a function of reser- 
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voir volumes of fluids injected. For these data we have 
assumed that the water recovered 67 per cent of the 
oil in the area swept and that the low pressure gas re- 
covered 50 per cent of this oil. Here, if only the re- 
coveries are considered, the gas-driven miscible displace- 
ment is much better than a conventional gas drive; but 
it is not quite as good as a water flood. (Other factors, 
however, such as well injectivities or fluid availability 
will help determine which process is chosen.) 


SIMULTANEOUS INJECTION OF GAS AND 
WATER BEHIND THE MISCIBLE 
DISPLACEMENT 


The miscible displacement must invade a larger por- 
tion of the reservoir if it is to represent a generally im- 
proved process. Reducing the mobility in the swept re- 
gion is one way in which the sweep efficiency may be 
increased. The fluid mobility in a porous medium may 
be reduced by (1) reducing the permeability of the 
matrix to that fluid, and (2) increasing the viscosities 
of the fluids in the region. The reduction of the per- 
meability in the gas region is easily accomplished by 
injecting water along with the gas. This reduction in 
relative permeability during multi-phase flow is a well- 
defined characteristic of porous media which greatly re- 
duces the fluid mobility. The mobility is further reduced 
because the water is more viscous than the gas which 
it replaces. In this manner the high mobility in the swept 
region can be greatly reduced and so increase the sweep 
efficiency of the process. The effect of different gas and 
water saturations on the mobility in the swept region 
is illustrated in Fig. 3. This simultaneous injection of 
gas and water behind the miscible displacement will 
make the miscible processes much more attractive. 

To ensure miscible displacement, a zone of gas should 
be kept between the miscible slug and the region of 
water flow. If water flows into the miscible zone ahead 
of the gas, a reduction of the displacement efficiency 
occurs. On the other hand, if the gas zone were al- 
lowed to become large the operation would approach 
the poor sweep-out pattern performance of the gas- 
driven miscible process. If too high a ratio of gas-to- 
water is injected the gas will flow faster than the water 
and enlarge the gas zone. If the ratio is too low the 
water will flow faster than the gas and invade the mis- 
cible zone. The proper injection ratio will keep the 
gas zone at a constant volume as the flood progresses. 
This ratio can be determined from the relative per- 
meability relationships, the water and gas viscosities 
and the saturations established in the region of simul- 
taneous flow. A calculation of this ratio will be illus- 
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trated in the discussion of the behavior of the sample 
five-spot reservoir. 


EXPERIMENTAL 


The effect of mobility ratio on the flood pattern has 
been described in the literature.” These results, however, 
are for systems in which the mobilities in only two re- 
gions were concerned. In the simultaneous gas-water in- 
jection process there are three regions of mobility which 
will influence the sweep pattern. These are: (1) the 
relatively low mobility oil region, (2) the high mobility 
gas zone, and (3) the lower mobility region in which 
both gas and water are flowing. The relatively narrow 
zone of miscible displacement which lies between the 
gas and the oil will not significantly affect the sweep 
efficiency for the process, no matter which miscible pro- 
cess is used. No one mobility ratio can be ascribed to 
the process. The relative mobilities of all three regions 
must be considered. 

If we confine ourselves to the effect of the mobilities 
on the sweep efficiency, simple laboratory models with 
three zones of miscible fluids can show the benefits to 
be obtained by the simultaneous injection process. The 
models used represented elements from a large five-spot 
injection system, They were 0.25-in. thick and the dis- 
tance between wells was about 10 in. Miscible oils were 
used to represent the three mobility regions. The X-ray 
shadowgraph technique’ was used to determine the 
sweep-out pattern efficiencies. The mobilities in the oil 
region and in the water-swept region were equal. The 
mobility in the gas zone was 17 times higher, instead of 
50 times higher as in the field. This number for the 
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mobility in the gas zone was as high as could be ob- 
tained conveniently in the laboratory. The difference in 
the recovery histories between mobility ratios of 17 and 
50 should not be significant in this study since both re- 
sult in similarly poor sweep efficiencies. 

Fig. 4 shows the results of this study. The per cent 
of the in-place oil produced (which for miscible pro- 
cesses is the same as the per cent of the reservoir area 
contacted) is shown as a function of the number of res- 
ervoir volumes injected. The result of two model studies 
is shown. In one study the gas zone occupied 20 per 
cent of the reservoir volume and in the other only 5 
per cent. These results show that the simultaneous gas- 
water injection process will approach the high areal 
sweep efficiencies obtained with a conventional water 


drive, There is a noticeable difference between the curves. 


for the 5 per cent and 20 per cent gas zones. This, how- 
ever, is not nearly so striking as is the improvement 
over the gas-driven miscible displacement. 


It should be remembered that these results apply 
directly only to uniform formations in which the effects 
of gravity are negligible. In cases where these factors 
are significant, the presence of the relatively low mo- 
bility water zone behind the advancing front will tend 
to offset their detrimental effects on the sweep efficiency. 


APPLICATION OF THE SIMULTANEOUS 
INJECTION PROCESS 


To illustrate better the mechanics of the simultaneous 
injection process and its benefits, a hypothetical case 
will be discussed. We will consider a five-spot injection 

“pattern with: (1) a specific permeability of 1 darcy; 
(2) an oil viscosity of 1 cp; (3) a gas viscosity of 0.02 
cp; (4) a water viscosity of 0.5 cp; (5) an interstitial 
(non-flowable) water saturation of 25 per cent; and (6) 
the relative permeability curves shown in Fig. 5. For 
this discussion it makes no difference whether the mis- 
cible displacement is obtained by the high pressure gas 
process or the miscible slug process. 


First, the gas to water injection ratio must be calcu- 
lated. As discussed earlier, the desired ratio is that at 


which the gas and the water flow at the same velocity. 


This ratio can be determined from the relative per- 
meability curves and the fluid viscosity. In line with 
Darcy’s law, the volumetric flow rate of a single fluid 
in a two-flowing-phase system is proportional to the mo- 
bility of the fluids (effective permeability/fluid viscos- 
ity). Therefore, the linear velocity of a fluid is propor- 
tional to its mobility divided by the fraction of the 
porosity which it must fill, Thus, for gas the relative 
velocity would be (effective permeability to gas) — (gas 
viscosity) (fractional gas saturation); and for water (ef- 
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fective permeability to water) —- (water viscosity) 
(fractional water saturations over and above the inter- 
stitial water). From the proper relative permeability 
curves (Fig. 5) the relative velocities for gas and water 
as a function of gas saturation can be obtained. These » 
values are then plotted as shown in Fig. 6. Here we 
see that the gas and water velocities will be the same 
at a fractional gas saturation of 0.31. The permeability 
ratio curve (k,,/k, shown in Fig. 5) and Darcy’s law 
show that a gas to water injection ratio of 0.7 (in terms 
of reservoir bbl) is necessary to maintain a fractional 
gas saturation value of 0.31. This is the desired injec- 
tion ratio. In practice, a slightly higher gas-to-water-in- 
jection ratio might be used to ensure the presence of 
a gas zone behind the miscible front. A similar type 
calculation can be made whenever the gas and water 
are considered to be segregated. 


In the example five-spot segment a miscible displace- 
ment zone between the oil and gas is set up by either 
the high pressure gas or the miscible slug process. A 
quantity of gas equal to 5 per cent of the reservoir 
volume at reservoir conditions is injected to form the 
gas buffer zone. Then gas and water are injected in a 
ratio of 0.7 volumes of gas (at reservoir conditions) to 
one volume of water (at reservoir conditions). Then 
the recovery would be as shown in Fig. 7. Here the per- 
centage of in-place oil recovered is shown as a function 
of total fluid injected (gas plus water). The solid curve 
shows the recovery to be obtained by the simultaneous 
gas-water injection process. In this case, 53 per cent of 
the in-place oil is recovered at breakthrough and 98 
per cent is obtained when two reservoir volumes of fluid 
have been injected. The performance of the gas-driven 
miscible process for the same reservoir conditions is 
shown by the dashed line. Here, 42 per cent of the 
oil is recovered at breakthrough and 62 per cent is ob- 
tained when two reservoir volumes of gas have been 
injected. 

As pointed out earlier, the gas-driven miscible slug 
process is generally competitive with water flooding. 
Therefore, the simultaneous injection process will proba- 
bly result in greater recovery than will water flood- 
ing. The simultaneous injection process, however, has 
one limitation in common with water flooding. The in- 
jection wells must be able to take the more viscous water 
in sufficient amounts. If they can not, then the gas-driv- 
en miscible process should be considered. 


CONCLUSIONS 


The miscible displacement processes, as originally 
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presented, consist of injecting gas to sweep the oil mis- 
cibly toward the producing wells. Because of the low 
viscosity of gas and the high displacement efficiency of 
the processes, the sweep-out pattern efficiency is usually 
poor—about 60 per cent of the reservoir area in a five- 
spot system at abandonment. Laboratory model studies 
have shown that the sweep-out pattern efficiency can 
be greatly increased by injecting a fluid of low mo- 
bility to follow the miscible displacement front. A sim- 
ultaneous injection of water and gas in the proper ratio 
will create the desired low mobility zone and increase 
the sweep-out pattern efficiency while maintaining a 
miscible displacement of the oil. This improvement in 
recovery can be obtained at little risk, even though the 
gas-to-water injection ratio cannot be determined ex- 
actly. This is because (1) if too much gas is injected 


the process can only approach the mechanism of the 
gas-driven miscible displacement, and (2) if too little 
gas is injected the worst that can happen is that the 
reservoir will be subjected to a water drive, In any 
case the recovery of oil will be good. 

We have not tried to cover all reservoir engineering 
possibilities in this paper. Each reservoir must be con- 
sidered separately from an engineering point of view. 
Instead, we have tried to establish guide posts leading 
to a greater and more economical recovery of oil 
through miscible displacement. 
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Extensions of the Muskat Depletion Performance 
Equation 


R. D. WEST 
MEMBER AIME 


RaA 


Muskat’s depletion performance equation is here 
derived considering the expansion behavior of the reser- 
voir hydrocarbon system and a simple fractional-flow 
equation. This method of derivation leads logically to 
the two extensions that follow. The first of these is con- 
cerned with gravity segregation in a depletion-drive 
reservoir. The second is concerned with including an 
empirically determined term for water influx in the 
performance equation. The more general equation for 
gravity segregation when there is a primary gas cap and 
empirically-determined water influx is stated for com- 
pleteness. These equations have been found useful in 
reservoir performance calculations in Eastern Venezuela. 

A discussion on the methods of solving these equa- 
tions follows, and considers firstly the effect of taking 
finite intervals in the numerical integration, and sec- 
ondly, methods of incorporating the time functions 
involved in segregation in with the expansion behavior. 
The paper concludes with a brief general discussion on 
further extensions to the depletion performance equation. 


INTRODUCTION 


The two fundamental sources of energy by which oil 
is produced from a reservoir result from pressure deple- 
tion inside the boundaries of the reservoir and fluid 
encroachment across the boundaries of the reservoir. 
The wells in either case form low pressure outlets 
through which oil and gas may be produced by the 
expansive force of the reservoir fluids and associated 
encroaching fluids. 

When the reservoir pressure is higher than the bubble- 
point pressure of the oil, so that there is no free gas 
in the reservoir, these expansive forces are the only 
ones available for the production of oil. However, when 
the reservoir pressure is less than the bubble-point pres- 
sure of the oil, free gas is vaporized as the pressure 
falls. With both oil and free-gas phases present, the 
additional forces of gravity and capillarity may operate 
on the gas-oil system, as they have previously operated 
on the oil-interstitial water system. Gravity tends to 
segregate the free gas from the oil due to their density 
difference. Capillarity opposes and eventually balances 
gravity as the more extreme free gas and oil satura- 
tions are reached, preventing the independent move- 
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ment of free gas until it is above a certain saturation, 
and the independent movement of oil when it is below 
a certain saturation. 

The type of depletion performance equation chosen 
for predicting the future performance of a reservoir 
depends on the amount of past history available. When 
the reservoir is somewhere past the halfway mark in 
depletion, some form of decline curve is often used. 
With less past history, material balance equations which 
incorporate empirical factors based on the past per- 
formance are often used. When, however, the amount 
of past history is small, the Muskat depletion perform- 
ance equation will usually be used. The distinguishing 
feature of this type of equation is that empirical factors 
based on the over-all or macroscopic reservoir behavior 


_ are almost or entirely absent. Each parameter affecting 


the reservoir performance is ascribed an independent set 
of values based on measurements made on laboratory 
samples; that is, incorporating microscopic empirical 
factors. 

In establishing Muskat-type depletion performance 
equations, it is necessary to consider the reservoir as 
consisting of a number of associated blocks, in each 
of which the saturations and pressures may be con- 
sidered uniform, and in each of which all substances 
have uniform pressure-volume characteristics. Thus, a 
primary gas cap can usually be considered as one block 
and an aquifer as another. Gravity segregation may be 
negligible for practical purposes when the rock and 
oil properties are adverse and/or the dip or thickness 
of the reservoir is too small. In this case the whole oil 
leg may be considered as one block, except in very 
large reservoirs. 

In very large reservoirs the fluid and rock properties _ 
may vary enough, particularly in the dip direction, for 
it to be necessary to divide the oil leg into a number 
of blocks, in each of which the relevant quantities may 
be considered uniform. When gravity segregation of the 
oil and free gas is not negligible, it is necessary to con- 
sider the space occupied by the initial oil leg as divided 
into two blocks, a secondary gas cap and an effective 
oil leg, in each of which saturations may be considered 
to be uniform. The total volume of these two blocks is 
thus constant, but the secondary gas cap grows con- 
tinuously at the expense of the oil leg. 

Muskat* derived depletion performance equations for 
the basic case of an oil reservoir with closed boundaries 
and without segregation, and for the case of an oil 


1References given at end of paper. 
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reservoir with a boundary open to a primary gas cap. 
These two cases are rederived in this paper using a 
different approach, because this serves as an introduc- 
tion to the method used to develop equations for the 
extensions that follow. This approach also enables those 
meeting these equations for the first time to see the 
exact relationship between this differential form of the 
material balance equation and the other forms in use. 
The mathematical treatment is simple but it is felt that 
it gains more, in that physical significance of the terms 
is readily obtained, than it loses by being non-rigorous. 


EXPANSION BEHAVIOR OF THE RESERVOIR 
SUBSTANCES 


The expansibility of a-reservoir fluid or solid is here 
defined as the rate of increase in volume of the sub- 
stance with pressure decrease. If the standard volume 
of the substance (that is, its volume in any units what- 
ever corrected to standard temperature and pressure) is 
V, , and its volume factor at the reservoir temperature 
is B,, the reservoir volume is V, - B,. If the pressure 
falls by a small interval, Ap, and the volume factor in- 
creases to (B, + AB,), the rate of increase in volume 
of the substance with pressure decrease is 

Be 
Ap 
or V, - AB,/Ap. In the limit, as Ap > 0, this expansibil- 
ity is equal to V, - dB,/dp. The expansibility of a res- 
ervoir substance is therefore equal to the standard vol- 
ume of the substance multiplied by the rate of change 
of its volume factor with pressure. 
The standard volume of the free gas in any block of 


the reservoir is equal to ny The free gas expands 


g 
as the pressure decreases and its expansibility is there- 


B, dp 

The standard volume of the oil in any block of the 

B 


fore 


reservoir is equal to . As the pressure on the 


oil is decreased the oil itself shrinks, but gas is vapor- 
ized, and this gas causes an increase in total volume. 


The expansibility due to the oil shrinkage is — 


and that due to the liberation of solution gas is 


dR. 
dp 

referred to as the expansibility of the oil, and the lat- 
ter as that of the solution gas. 


The over-all expansibility of the hydrocarbon system 
in any block of the reservoir is therefore the sum of 
these three components, 


The former expression may be 


B, aR, 1 dB 
B, dp B, dp dp 


In addition to the hydrocarbon system, the reservoir 
system contains interstitial water and rock. The stand- 


ard volume of the interstitial water is eet , and 
its expansibility is therefore, . As the 
Dp 


rock volume factor has been defined in terms of pore 
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space and not in terms of the rock itself, the standard 
volume of the rock is therefore in effect, V,, and the 


dB, 
dp 

The over-all expansibility of the fluids and solid in 
any block is therefore equal to 


expansibility of the rock is V, - 


B, dR, 1 4B, 
dp 


However, below bubble-point pressure, the interstitial 
water and rock terms will usually be negligible, except 
in an aquifer. 


PERFORMANCE OF ONE-BLOCK OIL 
RESERVOIR 


In the simple one-block oil reservoir with closed 
boundaries, all of the fluid represented by the expansion 
for any pressure interval must be produced through the 
wells. By definition, the pressure and saturations are 
assumed to be uniform throughout the block, and segre- 
gation is therefore implicitly excluded. It is therefore 
possible to obtain a theoretical performance below bub- 
ble-point pressure in terms of oil desaturation as fol- 
lows. 

The rate at which the oil in the reservoir shrinks is 
dB; 
B, dp 
which oil is produced from the wells is equal to the 
expansibility of the hydrocarbon system (thus, neglect- 
ing interstitial water and rock terms) multiplied by 
the fraction of oil in the total hydrocarbon flow. Since 
the absence of segregation implies the ignoring of gravity 
effects, the fraction of oil in the mixed oil and gas flow 
is given by 


Lia re , as previously shown. The rate at 


= k 
bg 


The rate at which oil is produced from the wells is 
therefore, 


1 
Hy Keo 
dp dp 


This equation ignores any special effects due to radial- 
flow distribution around wells, unless the relative per- 
meability ratio is adjusted to allow for them. 


The rate of oil desaturation with pressure decrease, 


UES eae therefore equal to the sum of these two 
quantities, i.e., 
dS, 1 
B, dR, 1 dB 1 dB 
B, dp B, 
Thus, 
dS. 1 B, dR 
t+ rg 9 Pp Pp 
Kero 
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B, 
aB, 
dp 


Bee dp B, dp 
Kro 4B, , 

Mg Bs dp 

or 
as, 1 
dp Mo B, dp B, dp 
Mo 


B, dp 
This is, of course, the same as the equation developed 


by Muskat’, except that he has B, - ae instead of 
a Ree Numerically, these two terms are equal, but 


they are opposite in sign. The difference arises be- 
cause of the non-rigorous development of the above 
equation. 


PERFORMANCE OF TWO-BLOCK OIL RESERVOIR 
WITH PRIMARY GAS CAP 


When a reservoir has a primary gas cap it must be 
considered as consisting of two blocks, the primary 
gas cap and the oil leg, in each of which the saturations 
are assumed to be uniform. Furthermore, it must be 
assumed that none of the fluids in the gas-cap block 
are produced through wells. In this case, all fluid rep- 
resented by the expansion of the gas cap in any pres- 
sure interval is transferred into the oil-leg block. 

The expansibility of the gas cap is, 


dB; B, dR 
Sop dp 


Adding this expansibility to that of the oil leg, and using 
the procedure just cited, the rate of oil desaturation for 
this type of reservoir mechanism is given by 


1 
1 dB B 
dR 1 dB 
dp bo. “Kr dp m,| B, dp 
B, dR, GB, 


This equation is also the same as the one developed 
by Muskat’, but with the same qualification mentioned 
earlier regarding the free gas term. One further as- 
sumption in this equation is that the expansibility of 
the gas cap is freely available to the oil leg; that is, it 
is not restricted by permeability or any other factor to 
any definite transference rate. This assumption is con- 
sidered not unreasonable because of the low viscosity 
of gas and the fact that gas caps are often not bigger 
than the same order of magnitude as the oil leg. 


SEGREGATION 


Before considering the depletion performance equa- 
tion for a reservoir with segregation, it is convenient 
to review the basic principles of segregation. 
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The forces of gravity and capillarity control the seg- 
regation of free gas and oil in the reservoir. Gravity is 
the force which initiates and maintains the segregation 
by virtue of the difference in density of the two fluids 
concerned. Capillarity opposes this segregation, and 
eventually balances it, at extreme free gas and oil 
saturations. 

Since the reservoir oil is heavier than the free gas, 
it always tends to flow down-dip relative to the gas 
under the action of gravity. However, an equal reser- 
voir volume of gas must flow up-dip relative to the 
oil, and the rate of segregation is therefore determined 
by whichever has the low mobility. Assuming that the 
reservoir is thin in relation to its length in the dip 
direction, the effective direction of segregation may be 
assumed to be along the dip direction. The gravitational 
force causing segregation in this direction is (p, — p,) 
- g- sin D, and the segregation rate is therefore, 

ke and A: (p. — p,): g°sin D 

In view of the assumption that the reservoir is thin 
in relation to its length in the dip direction, and that 
the effective direction of segregation is therefore along 
the dip direction, the cross-sectional area, A, through 
which segregation takes place is the slant height area 
of the reservoir. It is further assumed that in thin res- 
ervoirs the mobilities based on uniform saturations 
throughout the sand thickness will decide the segrega- 
tion rates of the oil and gas phases. These assumptions 
are not true for thick reservoirs as described by Martin’. 
Since during depletion the reservoir pressure falls 
throughout the oil leg, solution gas is vaporized through- 
out the oil leg and is all involved in segregation. The 
effective area through which segregation takes place is 
therefore considered to be the average slant height area 
between the gas-oil contact at any time and the bot- 
tom of the oil leg. 

While capillarity is at all times modifying the segre- 
gation of gas and oil, it can be shown that capillary 
pressures and their gradients are usually negligible in 
field-sized systems. However, there are circumstances in 
which the capillary pressure is not negligible, and other 
circumstances in which the capillary pressure gradient 
is not negligible, and the practical effects of capillarity 
may be considered under these two heads. 

In a field-sized system, the capillary pressures are 
important in determining the threshold values of mo- 
bility at extreme saturations. Due to the capillary pres- 
sure, gas has no mobility independent of the oil be- 
low a certain gas saturation, and this saturation thus 
identifies the point at which segregation can begin. At 
the other extreme oil has no mobility below a certain 
oil saturation, and this saturation thus identifies the 
point at which segregation ceases. However, here a time 
element is involved, because as this oil saturation is 
approached the oil mobility becomes very small, al- 
though greater than zero. Thus, in practice, it has been 
found convenient to identify the oil saturation at which 
segregation ceases by that corresponding to a small but 
arbitrary value of oil flow measured as a fraction of 
the total flow. A limiting value of f, = 0.001 has been 
found suitable. Using such a value to identify the point 
at which segregation ceases, a residual oil saturation in 
the secondary gas cap of 25 to 35 per cent commonly 
results, as opposed to the value of 5 to 15 per cent 
commonly quoted for primary gas caps. This latter 
range of values may be taken as an indication of pos- 
sible ultimate residual oil values. 


dm = | lower of 


287 


It can be shown that the capillary pressure gradients 
are important only when the gas and oil saturations 
change rapidly in a short distance. In a depletion-drive 
reservoir with gravity segregation, this is at the inter- 
face between the secondary gas cap and the oil leg. 
Terwilliger, et al’, working on an air-brine system, have 
shown that while there is no sharp interface between the 
two fluids in a gravity-drained sand column, the greater 
part of the saturation change occurs in a stabilized zone 
in which all saturations maintain a constant relative po- 
sition to one another. Work by Stahl, e¢ al’, on an air- 
Wilcox crude system also shows the formation of a 
stabilized zone (see Fig. 3 of their paper). This sta- 
bilized zone appears to be the product of capillary pres- 
sure gradients. The important point about it for field- 
sized systems is its length in relation to the production 
rate from the oil leg. 

Both Terwilliger, et al’, and Stahl, et al’, showed that 
stabilized zones from 1- to 3-ft thick were formed as 
long as the drainage rate did not exceed the so-called 
“maximum rate of gravity drainage”. This latter quan- 
tity is defined as the rate of segregation obtained from 
the equation given above when S, = 100 per cent. These 
investigators used systems with liquid mobilities in the 
range of 2 to 3 darcy/cp. The length of the stabilized 
zone for higher production rates has not been ade- 
quately examined, nor has the problem of when a sta- 
bilized zone is no longer formed. However, in practice, 
the production rate from the oil leg will often not ex- 
ceed the maximum rate of gravity drainage, and in 
these cases a relatively short stabilized zone may be 
expected to form, the thickness of which may be consid- 
ered negligible in a field-sized system. 

To summarize on segregation, the mobility and area 
through which it operates may be designated, and a 
sharp interface between the secondary gas cap may be 
assumed unless the oil production rate is very high. 


PERFORMANCE OF TWO-BLOCK OIL 
RESERVOIR WITH SEGREGATION 


The simplest case of an oil reservoir with segregation 
involves two blocks; a secondary gas cap and an oil leg. 
For the purpose of this paper it is assumed that the 
production rate is such that a sharp interface between 
the two blocks may be considered to exist, and that all 
production is from the oil leg. The secondary gas cap 
expands continuously at the expense of the oil leg, al- 
though the two blocks taken together have a fixed total 
size. The basic principle involved in establishing the de- 
pletion performance equation for this type of reservoir 
is that the whole system is considered to obey the ex- 
pansion behavior previously given, with the sizes of 
the blocks changing in accordance with the segregation 
behavior previously given. 

The expansibility of the secondary gas cap is 


1 dB B, dR 
Be ap 


and since it is assumed that there is no production from 
this block, this is the rate of fluid transfer into the oil- 
leg block. Proceeding as before, the equation relating 
the oil desaturation rate with pressure decline is 


1 dB dR 
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It will be noticed that this equation is similar to the 
equation for an oil reservoir without segregation, but 
with a primary gas cap, except that a varying term, 
m,, is used to relate the size of the secondary gas cap 
to that of the oil leg. The subordinate equations used 
to calculate the change in m, from the segregation be- 
havior are given later. 


WATER INFLUX IN A COMBINATION-DRIVE 
RESERVOIR 


When a reservoir has an aquifer associated with it, 
it must again be considered in two blocks —the oil 
leg and the aquifer — in each of which saturations are 
assumed to be uniform. If none of the aquifer water 
is produced from the aquifer block, the fluid represented 
by the expansion of the aquifer for any interval is trans- 
ferred into the oil-leg block. Using the same procedure 
as cited the expansibility of the aquifer is 


V 

and a depletion performance equation could be estab- 
lished as 


dS 1 
— . 1 dB B, dR 
dp 1 ae Ho = Is. B, dp B, dp 
ro 


However, as with the gas cap, this equation includes 
the assumption that the expansion capacity is freely 
available to the oil leg. But whereas the assumption is 
often considered reasonable in the gas-cap case, it is 
not considered reasonable with an aquifer since the 
aquifer is usually much larger than the oil leg and 
the water viscosity is considerably higher than gas vis- 
cosity. One approach might be to consider incorporating 
a pressure lag factor in the term including the expansi- 
bility of the aquifer. Here it is intended to discuss 
one way of another approach, an empirical one, that 
has been found useful. In this method the water in- 
flux is determined empirically using the material bal- 
ance equation and volumetric determinations of the oil 
leg. The influx rate against pressure decline, dE/dp, is 
then determined, and this influx rate is then plotted 
against pressure. If this plot of dE/dp against pressure 
is a straight line, dE/dp may be assumed to be constant. 
If not, the relationship between dE/dp and pressure may 
be found by standard regression techniques. In either 
case values of dE/dp may now be predicted for future 
performance, providing the oil off-take rate is not 
changed rapidly. 

This quantity, dE/dp, is used by noting that it is the 
effective expansibility of the aquifer, and is therefore 
equal to 


B, dp dp 
times its lag correction factor. The depletion perform- 
ance equation therefore becomes 
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dS, 1 

Bo jee 1 dB, 1 dE 

Be dp Vitara ap | 


There are two ways of using the equation when it is 
obtained. When the influx rate is small in relation to 
the production rate, and/or for relatively short predic- 
tion periods, the cumulative water influx may be con- 
verted to a water saturation averaged over the reser- 
voir, and the gas saturation and hence the relative per- 
meability ratio changed accordingly. With larger in- 
flux rates and/or longer prediction periods, a third 
block, an invaded oil-leg block, must be considered 


which grows continuously at the expense of the oil-leg 


block. An average oil saturation can be ascribed to this 
block from fractional-flow curve considerations, and a 
sharp interface between this and the oil leg itself can be 
assumed. The variation of the ratio of the pore volume 
of this invaded block to that of the oil leg can there- 
fore be calculated and incorporated in the performance 
equation. 


GRAVITY SEGREGATION IN A COMBINATION- 
DRIVE RESERVOIR 


_ Putting together the results of the last two sections, 
the depletion performance equation for a combination- 
drive reservoir considered in four blocks (primary gas 
cap, secondary gas cap, oil leg and aquifer) may be 
stated as follows. — 


: B, dR 
° 
ap B, dp 
beg B, dp ot dp Sop -B, 
dp Sep dp Sep Bz 
dB, B, dR, 1 GB, 
d B, dp Sos B, 


The same segregation equation as before is used to ob- 
tain the variations in m,. 


NUMERICAL SOLUTION OF DEPLETION 
PERFORMANCE EQUATIONS 


These depletion performance equations cannot be 
integrated formally, and it is therefore necessary to inte- 
grate them numerically. In this numerical integration 
a sequence of relatively small but nonetheless finite 
pressure decrements is considered; 100 psi being a suit- 
able interval in many cases. These numerical integra- 
tion procedures are well known, and it is intended to 
mention only those points special to the equations de- 
veloped here. It is convenient to consider these points 
under the two heads of solving for the expansibilities 
and solving for the segregation variables. 


SOLVING FOR THE EXPANSIBILITIES 


The expansibility applied to a finite pressure inter- 


val becomes a finite expansion, and it is necessary to 
convert the expansibilities in the depletion performance 
equation to forms applicable to finite intervals. 
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Each pressure decrement involves a fall from an 
initial pressure to a final pressure. The amount of mate- 
rial involved in the expansion is identified by the stand- 
ard volumes present at the beginning of the interval. 
Since the expansion is the difference between the initial 
and final volume, corresponding to the initial and 
final pressures, the solution gas vaporized during the 
interval and the oil and gas produced during the interval 
are involved as their volumes at the final pressure. The 
viscosity ratio, and the rates of change of the volume 
factors with pressure, are involved as the average values 
for the interval (because, for instance, AB, = [dB,/dp]awv 
‘ Ap). Similarly, the relative permeability ratio should 
be that corresponding to the average saturations during 
the interval (not the average ratio itself). 

The basic depletion performance equation therefore 
becomes, for a finite pressure decrement, 


1 


AS, = 1 dB 
Bf dR, 
By ) av bo av ne By 


The other equations are modified in a similar way. 

In the equation just cited, all values except the 
average gas saturation, on which the relative permea- 
bility ratio is based, are determined directly. It is pos- 
sible to consider each term in the equation as consisting 
of a pressure function multiplied by a saturation func- 
tion. Values may be assigned to the pressure functions 
in advance, but the saturation functions must be cal- 
culated for each decrement in turn. The average gas 
saturation, which is not determined directly, may be 
predicted as follows. The values of AS,, for equal 
pressure decrements, increase smoothly until at some 
point beyond where the equilibrium gas saturation is 
reached. At this point the term, 


increases less than 


av 8g 
and the values of AS, pass through a maximum near 


this point and thereafter start decreasing smoothly. A 
plot of AS, against pressure enables a prediction of the 


average gas saturation for the next interval to be made, 


and with experience the prediction can be done very 
close. In any case, if the predicted value is too much 
in error a more accurate average saturation may be 
determined using the final value calculated using the 
predicted average, and the line of calculation repeated. 

Using the values as identified, and not all initial or 
final values as has often been done, no more complex 
method of numerical integration is required. This point 
has been confirmed using machine computations with 
pressure decrements as small as 10 psi. 


SOLVING FOR THE SEGREGATION 
VARIABLES 


Segregation cannot begin until the equilibrium gas 
saturation is reached, since this is the saturation at 
which the gas has a mobility independent of the oil. 
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This is not necessarily the point at which k,,/k,, be- 
comes greater than zero, since it may be argued that 
some gas is carried along entrained in the oil at lower 
saturations. Segregation requires the gas to have an 
independent mobility. The equilibrium gas saturation 
will not be known with any great accuracy, and un- 
necessary calculation may often be saved by making 
it coincide with the gas saturation at the end of a 
convenient pressure interval. The calculation to this 
point is the same with or without segregation. The 
procedure for the next pressure decrement is as follows. 

1. Calculate AS, for the next interval as if there 
were no segregation, and knowing the off-take rate, 
obtain the time, At, taken to produce this pressure 
decrement. 

2. Calculate k,/u, and k,/m, corresponding to the 
average gas and oil saturation for the interval, and find 
out which is the lesser; the lesser is used. 

3. Plot the slant height cross-sectional area of the 
reservoir at different structural positions in the reser- 
voir as a curve against position. Whence obtain a plot 
of the average cross-sectional area between any struc- 
tural position and the bottom of the reservoir against 
the position of the upper limit. 

4. Compute qg, and Q, according to the following. 


k, Ke 
dm = lesser of — and —]|-A-(p, — p,):g:sinD- 


9 

- At 
B,’ and = In 
where the appropriate value for A is used from the plot 
obtained in Step 3. ; 

5. Compute m, and the increase in oil saturation in 
the oil leg, AS,,,, from the following sequence of equa- 
tions. 


O Buf 
Vy, = SAV», 
= initial V,... 
Bot 
final 


6. Return to the table in which the gas-cap term is 
calculated and insert the values of m, corresponding to 
the average of the one previously used (zero in this first 
line) and the one just determined. Calculate a revised 
secondary gas-cap term. 

7. Return to the table in which AS, is calculated and 
add AS,,, to the value of S, for the end of the interval. 
Using this value of (S, + AS,,) and the value of S, for 
the beginning of the interval, determine a revised value 
of K,,/K,, corresponding to the revised average gas 
saturation during the interval. 

8. Using the new value of S, without AS,,, being 
added for the interval, recalculate the time taken for 
the interval. 


9. Using the new value of S, with AS,,, being added 
for the interval, recalculate k,/u,, k,/u., thence the 
revised segregation rate qg,, and thence revised values 
to V,..., m, and S,,. These revised values are now 
inserted and used in starting the calculation for the next 
interval. 


The calculations for the intervals from now on follow 
the same general pattern but are greatly facilitated by 
keeping running plots of AS,, AS,n, V,s, ms; and the 
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other variables against pressure. After the first interval, 
predicted values may be used from these plots, and the 
derivation of the second approximation as just described 
is made considerably more accurate, if not unnecessary 
in some cases. 


OTHER EXTENSIONS TO THE MUSKAT 
EQUATION 


It will be noted that the basic depletion performance 
equation consists of a simple expansibility multiplied by 
a simple fractional-flow equation. The extensions just 
given use the same fractional-flow equation but include 
extensions to the expansibility. It might be deduced 
from this that the most general depletion performance 
equation should be in the nature of the most general 
expansibility multiplied by the most general fractional- 
flow equation, and that in general specific extensions 
should involve the extension of either the one or the 
other part. This appears to be true providing produc- 
tion is only from one block. For instance, the given 
segregation case was derived by considering an exten- 
sion to the expansibility and using subsidiary equations 
to identify the change in saturation due to the segrega- 
tion itself. In general, it appears that extending the 
expansibility terms offers the more useful approach to 
extending the basic depletion performance equation. 

It was mentioned earlier that with more than one 
block the treatment given includes two important as- 
sumptions. One is that the expansibility of a block 
outside the oil leg is freely available to the oil leg. The 
second is that none of the fluid from a block outside the 
oil leg is produced. The first assumption may be elim- 
inated if the equation is modified in having a lag factor 


associated with the expansibility of any block outside 


the oil leg. 


To eliminate the assumption that no outside block 
fluid should be produced, the fractional-flow equation 


- must be changed to a form which will allow for the 


production of these fluids when they are produced 
through wells in the oil-leg block. Thus, with water 
produced from the oil-leg block the fractional-flow 
equation would have to be extended to include a term 
which would allow for this water production. However, 
if the case is to be considered where there is production 
outside the oil leg itself, these differential forms of the 
depletion performance equation cannot be used unless 
it is possible by some other means to express the rela- 
tionship between the production from any one block 
to any other block. This is because the effective expansi- 
bility of any block would be the total expansibility less 
the production rate from the block itself. Equations 
of the nature developed by McCord’ for gravity segre- 
gation in Western Venezuela are necessary to allow for 
multi-block production when no simple ratio of pro- 
ducing rates between blocks can be obtained, 


CON 


1. Muskat’s depletion performance equation may be 
derived by considering the expansion behavior of the 
reservoir hydrocarbon system together with a simple 
fractional-flow equation. 


2. Using a more extended expansion behavior for a 
two-block system (secondary gas cap and oil leg), a 
depletion performance equation may be derived for 
gravity segregation in a depletion-drive reservoir. 

3. This method of extending the expansion behavior 
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term leads to a simple way of including empirically 
determined influx rates into the basic equation. 

4. In general, depletion performance equations may 
be tailor-made for reservoirs by dividing the reservoir 
into blocks in each of which saturations may be assumed 
uniform, considering the expansion behavior of each 
block and the related flow equations, and producing 
an equation of the nature of a set of expansibilities 
multiplied by a fractional-flow equation. 


NOMENCLATURE* 


B, = rock volume factor referred to initial pore 
volume 
m, = ratio of pore volume of primary gas cap 


to that of oil leg ee 


m, = ratio of pore volume of secondary gas 
cap to that of oil leg at any time 
ratio of pore volume of aquifer to that 
of oil leg 
V, = pore volume of any block 
V,.0. = pore volume of oil leg at any time 
V,, = pore volume of secondary gas cap at any 
time 


= 


*See AIME Symbols List in Trans. AIME (1957) 207, 363, for 
other symbol definitions. 
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SUBSCRIPTS 
m = refers to segregation variable 
p = refers to primary gas cap 
s = refers to secondary gas cap 
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The Simplification of the Material Balance 
Formulas by the Laplace Transformation 


WILLIAM HURST 
MEMBER AIME 


ASB: 


For many years the author has been cognizant of the 
difficulty encountered by some in treating with the 
water influx formulas for unsteady-state fluid flow as 
pertain to the material balance equation. This has par- 
ticularly applied in establishing reservoir performance 
and identifying reservoir pressure, which to the practic- 
ing engineer has entailed a trial-and-error procedure, 
and for others has necessitated resorting to computing 
devices and reiteration processes. 

In retrospect this difficulty stems from the fact that 
reservoir pressure in the material balance formulas, as 
well as associated with the water influx equations, is an 
inexplicit term, and the work reported in the past is 
irrefutable. However, what will be presented in this 
paper is another approach to the problem, whereby the 
entire material balance equation will be treated by the 
Laplace transformation, and reservoir pressure which 
hereto has been inexplicit, can now be isolated by mathe- 
matical procedure to relate that parameter with all the 
factors contributing to its change. 

This is the simplification entailed, that treats first 
with an undersaturated oil reservoir as an iniegrated 
effect from the inception of production. The second 
phase pertains to saturated oil reservoirs that encompass 
a survey traverse. Although both methods of approach 
are necessarily different in aspect, the most interesting 
fact is that the mathematics so deduced are identical. 
Both the linear and radial water-drive systems are incor- 
porated, for which an illustrated factual example is 
offered for the latter, treating with a saturated oil reser- 
voir. 


INTRODUCTION 


What is performed in this work is the simplification 
of an involved computation by advanced analysis. 
Although such may be construed as a contradiction 
when one treats with higher mathematics; nevertheless, 
when direction is given to such an undertaking the 
results can be most revealing. 

Likewise, it is to be mentioned that the bases for 
these mathematics have been developed on the expedi- 
ency of the occasion. This is not to be inferred as a 
qualification of this work, but rather the demands 
frequently placed upon the author in his private prac- 
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tice in meeting a time limit. A situation, instead of 
being fraught with hazards, often has given emphasis 
to creative thought. 

What will be entailed in this work is the simplifica- 
tion of the material balance formulas by the Laplace 
Transformation. Although this reveals entirely new 
horizons that will be given expression in a forthcoming 
tract, it suffices in the present instance to limit our 
attention to this phase of the development that treats 
both with an undersaturated and saturated oil reservoir. 

To orient the reader’s thoughts as to what is involved 
in this simplification is the recognition that reservoir 
pressure, as such, is an inexplicit term in the material 
balance equation. This is the independent parameter 
that defines the total history of performance in the 
author’s’ unsteady-state water influx formulas, as well 
as the basis for the physical dependency of fluid be- 
havior within the formation as prescribed in the Schil- 
thuis’ material balance equation. Therefore, to isolate 
reservoir pressure, which is the most essential factor in 
any reservoir study, is rather a cumbersome procedure 
entailing either a trial-and-error calculation for the 
engineer; or aS some prefer, a reiteration process per- 
formed on a computing device. 


However, once such an equation can be transcribed 
as a Laplace transformation, this inexplicitness so ex- 
pressed can be alleviated to identify reservoir pressure 
as an explicit function of all the factors contributing to 
its change. This is the simplification encompassed, that 
will treat first with an undersaturated oil reservoir as 
an integrated effect from the inception of production, 
and secondly, with a saturated oil reservoir as a survey 
traverse. Although the two approaches are necessarily 
different because of the physics involved, it is an inter- 
esting commentary that the mathematics are identical, 
showing the interdependency of the two methods. 


In order to acquaint the reader with this development, 
the simplest case will be treated first; namely, an under- 
saturated oil reservoir subject to a linear water drive. 
However, what may be construed for this example as 
an idealistic case is actually a most practical application 
in certain parts of the world, where the size of the 
fields are so large that radial water-drive approaches 
the configuration of a linear drive. 


Further, to avoid the repetition of much symbolism, 
frequent references will be made to the work of the 
author and an associate on Laplace Transformations’, 


*References given at end of paper. 
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which probably has served as the most practical appli- 
cation for this analytical tool to reservoir performance. 
However, to offer the reader continuity with the 
work contained in that paper,’ and the requirements for 
symbol standardization now mandatory for publica- 
tion in the AIME, the previous identification for the 
Laplace transformation as expressed for cumulative 
pressure drop, 


AP = [em ar(nnd 
0 
must be recognized as 
co 


0 
This likewise applies to the radial water influx relation- 
ship, 


t 
{da 
Z = | 
dt 
0 
that now conforms to 
tp 


(day 
n 


— at’ 


0 


UNDERSATURATED OIL RESERVOIR 


For an undersaturated oil reservoir, the material bal- 

-anice is expressed as 

where B,, the formation factor, is the conversion of the 
oil volume from stock tank to reservoir conditions, and 
W, represents the cumulative water influx from an 
adjoining aquifer. The subscript i refers to initial reser- 
voir conditions. 

Since the change in volume of the fluid with the 
lowering of formation pressure is the expansion of the 
oil body, then 

and 

This relation introduced in Eq. 3 yields 

= (N= N,) > (6) 

Further, if it is-assumed that the expansion for the 
oil voided is small in comparison with the expansion 
of the reserve initially in place, then Eq. 6 becomes 

However, it is now necessary to relate the water influx 

from the adjoining aquifer, or 


tb 
dA 
dt’, 
0 
where 
kt 
Os) = (9) 
wlw 


This is the application of the superposition theorem 
for the constant pressure terminal case** that determines 
the linear water influx across the lateral surface, A, 
of the reservoir proper, induced by the varying cumu- 
lative pressure drop, Ap = (p, — p), incurred by the 
voidage. 
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If the water-drive formula is introduced in Eq. 7 
with the stipulation that the rate of oil production or 
voidage, q,, is constant, then 


and 
fd 
0 
olp 
(11) 


where the designation for cumulative pressure drop as 
Ap, will henceforth remain intact as not to cause con- 
flict with p, the operator for the Laplace transforma- 
tion, as perforce must appear in these equations. 

However, what is portrayed in Eq. 11 is the in- 
explicitness for cumulative pressure drop, as previously 
mentioned, with that term appearing both under the 
integration sign and the functional relationship identi- 
fying that equality, and to all apparent purposes an 
impasse in proceeding with any further analytical deduc- 
tion. Such would be the case except for the recognition 
that the integral for the water influx term, Eq. 8, is in 
conformance with a theorem, although previously enun- 
ciated in the Laplace Transformation’ and given only 
limited treatment in that work, will now be exploited to 
the fullest in the development of the simplification of 
the material balance equations. Namely, if P,(p) is the 
transform of P;(t,), and P,(p) is the transform of P: 
(tp), then the product of these two transforms, or P; 
(p), is in turn equal to the transform of the integral 
containing both P,(tp), and P: (tp), or 


top 


0 
Unfortunately, neither time nor space permits the 
analytical deduction of this theorem, nor can it be prom- 
ised that a comprehensive development will be found in 
most texts treating with the Laplace Transformations. It 
is for this reason that the detailed analyses as so entailed 
will be deferred to the forthcoming tract, as such has a 
significant bearing on other work dealing with reservoir 
performance. 


Therefore, what might have been an impasse, the 
utilization of this theorem with respect to the water in- 
flux term, and transcribing the entirety of Eq. 11 as La- 
place transforms, gives 


A w A 
pewpApQ 
Further, since the transform for Q(tp) is 1/p*”’ for a 
linear system, as shown in the Laplace Transformation’, 
then Eq. 13 becomes 
Dp wBoiQo 
= —_ 
? kp 
Thus, where Ap heretofore has been an intractable term, 
it can now be solved explicitly algebraically to give 


—NB,,Ap -. (13) 


— NB,.c,Ap:. (44) 


wo 1 
P kNe, + pe) 
with 
NB..c, (16) 


a constant containing the reserves initially in place, as 
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well as those physical parameters associated with the 
oil reservoir and the aquifer. 

The inversion for Eq. 15 follows from a suitable 
Fourier integral table such as C and F*, Eq. 552.9 
to give 


2Ati 
(17) 
where 
% 
2 
erfc(At!) = —~re*dz=1- =| 
val 
0 
Ato 
(18) 


which is the probability integral. 

The deduction as so ascribed to Eq. 17 for an un- 
dersaturated oil reservoir, offers the clue for solutions 
of the more involved cases for the material balance 
equations; such as saturated oil reservoirs that will 
shortly engage our attention, although not exactly in 
this same format. 

However, what this equation expresses is that at 
time zero the pressure drop is zero, and at small times 
the pressure change is by virtue of the voidage and the 
expansion of the oil in the reservoir. For time large 
the lowering in pressure is essentially the water-drive 
encountered in the field for the rate of fluid voided, 
which are all known conditions applicable to this type 
reservoir. Nevertheless, what is most important, pres- 
sure change is now independent of any reference to 
past pressure history, which indicates the simplifica- 
tion obtained. 

There are associated problems connected with this 
study, such as the variation of oil production over the 
known life of the field. This again is the use of the 
superposition theorem, although applied in a somewhat 
different fashion. Thus, the reference to Eq. 11, with 


the condition that 
to 


0 
yields 

to 
dA 
0 


0 
This relationship expressed in Laplace transformations 
shows that 


Agc.pApO = — NB,,c.Ap . (21) 


k 


where gq, is the transform for the variable rate of pro- 
duction. The substitution of all factors pertaining to 
this formula gives 
w qo 
Ap = 
kNe, p*(A + p?) 
for which the inversion by Eq. 12 reveals that 


p 


to 


Jaane (t, t,)]dt, . (23) 
0 


KNe, 
with 


Tv 
as previously established, and 

the differentiation for Eq. 24 with respect to tp. 

Where such variations in rates of production may be 
subject to a regulatory body’s ruling for the employ- 
ment of an allocation formula, or more so by the in- 
creased production from the normal process of exploita- 
tion and development of a field, to give the equivalent 
of a step-wide change in production rates such as qg, = 
< tos Jo = tor < toes Jo = to: 
< tp < tp, etc., then the integration for Eq. 23 imme- 
diately becomes 


2 2 
Nt ar Yost M[X (to — tor 
Ap + (dor Goi) MIA (tr )] 


+.--+ Jon-1) (ty as ton) ] 


(26) 
A formula which the reader will recognize is com- 
patible with the variable rate problem for a flowing oil 
well such as given in the Laplace Transformation’, except 
that what is now subscribed are those physical param- 
eters associated with the reservoir and aquifer that 
necessarily must enter for the solution so portrayed. 

One other point of significance. In the treatment of 
Eq. 6 to obtain Eq. 11, it was assumed that the expan- 
sion of the reserves in place were uneffected by that 
voided. Although such an assumption is valid in the 
early stages of production, where the yield of several 
thousand barrels would not change the order of mag- 
nitude for millions of barrels of oil initially in place, 
the question still remains whether this assumption would 
apply for intermediate times. For large time this is of 
little consequence, as Eq. 17 reflects the balance be- 
tween production rate and water drive observed for un- 
dersaturated oil reservoirs. However, it is to investigate 
intermediate times that the treatment for the more rig- 
orous solution is invoked. 

To avoid the complexities that such an investigation 
can entail, this problem is again referred to the con- 
stant rate case. Thus, the substitution of all factors per- 
taining to Eq. 6 yields the relationship, 


to 

dAp 
Ager O(t, — t')dt, = 

0 


wBo Goto — NB,,c,Ap + by. 


k 


CEB: iCodo tpAp 
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However, in introducing the Laplace transformations 
the last term on the right-hand side, tpAp, offers 
complications since we are dealing with two variables, 
time and cumulative pressure drop as a product, which 
must be related as a transform. 

The answer lies in the recognition that the operator 
p can likewise be treated as a variable, an observation 
noticeable by its absence from the mathematical liter- 
ature, but given impetus here in the solution of a prac- 
tical engineering problem. Thus, the reference to Eq. 1 
for the Laplace transformation, 

(ee) 


0 
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shows that its differentiation with respect to p gives 


0 
which is the transform for the product, tpAp. 
Therefore, the more rigorous solution for Eq. 6, de- 
fined as Laplace transformations, is a first-order linear 
differential equation for which the operator p serves 
as the independent variable, or 


dAp r - 1 

where X, given by Eq. 16, and 


KN 


B= 


are both constants. 

Eq. 30 can be solved by orthodox means, but for the 
purpose at hand the solution will be resolved by series 
expansions. 

In the development of the series Eq. 30 can be fur- 
ther simplified by letting v = \/p, or . 

Further, if we consider the early stages of production 
and recognize that for time small, p must be large, then 
the series expansion that can yield rapid convergence 
for large values of v is expressed as 


v v 


(33) 


Vv 


where s and the coefficient A; are unknown. 

Thus, a term-by-term differentiation in Eq. 32 and 
collecting those constants associated with the variable v, 
raised to a power, establishes that s = 4, for which 


A, = 1/c.B, A; = — X/c.B, and 
— 
2B (4) 


However, since B is large, as it represents the equiv- 
alent time factor for producing all the reserves initially 
in place, Eq. 31, then Eq. 34 can be further simplified 
to give 

Thus, the series expansion for Eq. 33 can be written, 


Ap c,BN Dak ( ) 


7=0,1,2 


Its inversion is given as 


( 

7/2)! (37) 


which is the identity for Eq. 17, and applies for 
| Mtp |< 1. 

For time large, or p small, the series expansion that 
can give rapid convergence is expressed as 
v v v 
This relationship employed in Eq. 32, in the identical 
manner as the previous example, shows that s = 3, with 
A, = 1/c,BX; and 
[(4 — j) — 2B]Aj. 

2BXr 
If it is recognized as before that B is large as well as 
its association with A, since the latter is finite, then 


(38) 


A, = (39) 
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X 
for which 
1 
Ap = 
This inversion gives 


which is the expansion for Eq. 17 when time is large. 

It is well to recapitulate and review what has been 
accomplished. By subscribing the most rigorous solution 
for Eq. 6 and recognizing from factual field data that B 
can be large, we obtain the solutions identified with Eq. 
17 that apply both for small and large times. This is 
no singular set of circumstances, as the explanation is 


- contained in the meaning of the basic differential for- 


mula, Eq. 30, describing this rigorous case. Thus, if B 
is large, the differential in that formula assigned to the 
expansion of the fluid voided is nullified, and Eq. 30 
reduces to Eq. 15. If such conditions can prevail for 
both small and large time, the fact that this nullifica- 
tion can be so invoked from the most rigorous inter- 
pretation of the problem shows that Eq. 17 is equally 
applicable for intermediate times. 


MATERIAL BALANCE EQUATION WITH 
RADIAL WATER DRIVE 


As previously mentioned, the choice for the presen- 
tation of the linear case has only served to demon- 
strate the basic principles involved because of the sim- 
plicity of the mathematics. Thus, where the linear case 
may have practical application would be of unusual 
circumstances in the U. S., where our problems are 
more concerned with radial water drive. It is this case 
that will now be offered in the treatment of the under- 
saturated oil reservoir. 

For a radial system subject to water drive, the cumu- 
lative water influx term applicable to material balance 
studies is expressed by Eq. 2, a relationship originally 
developed by the author’ from the interpretation of 
mathematical physics to fluid flow. The same format as 
for linear water drive prevails; namely, the dependency 
upon past performance history, as necessarily must ap- 
ply. Therefore, what is now involved is to remove this 
interdependency on past pressure history in the appli- 
cation of the material balance equation. 


Thus, the introduction of that relationship in Eq. 
7 in the exact connotation as defined for water influx 


gives 


| O(t, — t,) dt, = 
0 

Boi Goto 
k 

which pertains to a constant rate, and dimensionless 

time, tp, is identified by 

tp = 
for a radial system. By reason of the enunciation of 
the principle defined by Eq. 12, the above relationship 


(44) 
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tp 
|| 


can be immediately expressed by Laplace transforms 
to give 


NB,.c,Ap 


Further, it is shown in the earlier paper’ that the 

radial transform for Q(t) is given by Eq. VI-27 in that 
publication, or 


(p”) 
where K, and K, are the modified Bessel functions of 
the second kind, corresponding to zero and the first 
order, respectively, and p, as before, is the operator for 
dimensionless time, fp. 
Eq. 46, substituted in Eq. 45 and absorbing all phys- 
ical parameters as constants in the undertaking of the 


explicit algebraic solution for Ap, gives 


pApQ = 


Ol 


Ap = 3/2 1/2 1/2 1/2 
where 
NB, iC, 


is fixed. It now only remains to perform the inversion 
for Eq. 47 to define the cumulative pressure drop, Ap, 
as a function of all the factors that contribute to its 
change, which evidences the simplification entailed for 
the radial case. 

This follows from Mellin’s inversion formula ex- 
pressed by 


Y+to 


y-t0 

The integration as implied in Eq. 49 is in the complex 

plane \ = x + iy, where the integration as performed 

is along a straight line parallel to the imaginary axis, 

and y distance removed on the positive axis, extending 

from minus to positive infinity, such that all poles con- 


tained in the Laplace transformation, P(A), are to the 
left of this straight line. 
However, by virtue of Cauchy’s theorem, the path so 


prescribed for P(A), or Ap of Eq. 47, can be replaced 
by a path of integration along the semi-circle of infinite 
radius, with a “cut” along the negative real axis, using 
the origin as a branch point as illustrated in Fig. 1. The 
value for this integrand along the infinite circle is zero 
in the second and third quadrant, leaving the integration 
along each side of the cut on the negative real axis. 
Since these Bessel relationships are single valued in the 
direction of their traverse, as established from their 
transcendental function, Eq. VI-18 of the Laplace 
Transformation*, they constitute the integration for 
Eq. 49. 


Further, since the branch point or origin herein re- 
ferred to represents an irreducible pole of infinite order, 
the classical procedure of containing the path around 
that pole would be of little avail. The expediency in a 
case such as this is to incorporate the time limits in the 
integral of Eq. 49 for which one such limit represents 
a known boundary condition, such as Ap is zero at time 


zero. Thus, by invoking a difference formula by reason | 


of these time limits, this irreducible pole is explicitly 
cancelled out. 


As this method of integration is illustrated in the 
Laplace Transformation’, this procedure will be foregone 
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Fic. 1—Contour INTEGRATION IN THE COMPLEX 
PLANE. 


and the inversion for Eq. 47 can be immediately ex- 
pressed as 


( 
with 
N(o,tp) 
(1 — e* 
(51) 


This is the simplification of the material balance equa- 
tion for an undersaturated oil reservoir, subject to radial 
water drive, where J,(u) and J,(u) are the Bessel func- 
tions of the first kind of zero and unit orders. Y,(u) 
and Y,(u) are the Bessel functions of the second kind 
of the respective orders, for which comprehensive tables 
can be found in WBF’. 

At this point it is well to make a comparison between 
the analytical functions deduced for the material bal- 
ance equations. In the linear case it is fortuitous that 
M(X'tp), Eq. 24, has its regular parameter, 7, as- 
sociated with time as a product such that one set of 
work curves is all that is required to undertake the 
linear calculation. However, with respect to the radial 
case the relationship, N(o,t,), shows that this function 
is dependent on both o and tp as separate variables, 
such that a different set of work curves are necessary 
for every reservoir parameter, o, which is considered. 
This does not present any complications, nor what may 
be at first appearance the formidable nature for Eq. 51, 
as that relationship lends itself very aptly to the com- 
putations of the necessary work curves. These curves, 
once performed, have continuous usage and form the 
repertoire of the practicing engineer. Such a set of work 
curves are shown in Fig. 2, prepared especially for the 
undertaking of the illustrative problem treated in the 
Appendix. 


Finally, as in the previous case, where a conserva- 
tion body may invoke nominations that change the 
production rate in a field, the step function can be in- 
troduced to give the relationship, 


kNe, 


(52) 


PETROLEUM TRANSACTIONS, AIME 


y 
\ 
| 


In these developments it will be observed that no ac- 
count has been taken for water produced with the oil, 
an intentional oversight to keep the mathematics sim- 
ple. However, in reservoir mechanics the procedures 
for improvising have always been the strong forte of the 
engineer, and in this connection the water produced can 
be converted to a pseudo volume of oil voided by the 
application of their initial formation volume factors, 
which permits for the occurrence of even this phe- 
nomenon. 


Though the methods now deduced may be considered 
as one phase of the simplified material balance equation, 
applicable only to the conditions that prevail for an 
undersaturated oil reservoir, they have already received 
extensive application by the author. However, in the 
following section dealing with the “Saturated Oil Reser- 
voir’, the reader will observe that the context of the 
material balance equation is retained in its entirety to 
‘reveal even a much simpler relationship than that 
established here. In this respect the presentation that 
follows represents a more rigorous interpretation for 
the material balance equation that applies for any con- 
dition encountered in reservoir performance, and pos- 
sibly constitutes the most significant aspect of this entire 
presentation. 


SATURATED OIL RESERVOIR 


In treating with the many variances for a saturated 
oil reservoir that are dependent upon laboratory and 
factual field observations, the unique equation of state 
that previously identified an undersaturated oil, and 
permitted the solution for that problem along classical 
lines, no longer applies. Primarily, as what is involved 
for a saturated oil reservoir, is an accounting of the gas 
liberated from solution with the lowering of formation 
pressure and the manner of its voidage that form an 
integral part of the material balance relationship. It is 
the recognition of these physical variants that the solu- 
tion for this problem must proceed into unexplored 
fields, which is in the realm of creative mathematics. 
The obtainment of this objective will be evidenced to 
the reader in the proof and factual example which are 
offered in this text. 

In principle what is entailed in this development 
constitutes a survey traverse in which the production 
data and the physical parameters for fluid behavior, 
established for a previous survey, explicitly define the 
subsequent reservoir pressure. Such is independent of the 
pressure history that is mandatory in the earlier work’ 
for the determination of the water influx term, for which 
this simplification nullifies the reiteration of such calcu- 
lations for every survey encompassed. This is the cause 
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celebre that has given impetus to the use of computing 
devices whereby the role now changes and the engineer 
is again recognized as the principal. 

To envision this development, a saturated oil reser- 
voir can be described as one in which gas is at equi- 
librium in solution with the oil such that any drop in 
reservoir pressure gives rise to the evolvement of free 
gas. This free gas can segregate to the highest structural 
points in the formation, although some will be entrapped 
by the lithological nature of the sand in the oil column, 
and much of it will be produced with the oil. The 
derivation of the material balance equation for a satu- 
rated oil reservoir is referred to the original work’, for 
which the essential formula is now reproduced in the 
AIME symbols, 

N(B, — Bui) + (R> = 

The terms so incorporated are identical with Eq. 3, 
except for the following differences. The relationship, 
B,, identified with the flash liberation, has reference to 
that volume of oil and all the gas liberated from solu- 
tion at reservoir conditions, to its corresponding volume 
of oil at stock-tank conditions. The term, R, — R.i, is 
the cumulative free gas-oil ratio produced in excess of 
its initial solution gas-oil ratio, and this in turn is con- 
verted to reservoir volume by the gas laws as expressed 
by the specific volume factor, B,. Finally, W, is the 
cumulative water produced with the oil. 

In the application of Eq. 53, all conditions pertaining 
to the reservoir performance to a previous survey 
corresponding to ty, are known, and we wish to deter- 
mine the cumulative pressure drop to a subsequent 
survey in time, ¢. Then, if the increment increase for 
this period is represented in the material balance equa- 
tion, the relationship takes the form 


change in formation pressure. Possibly other forms caD 

be invoked for Eq. 56, or this expression even deleted 

from Eq. 54, depending upon the interpretations of the 

particular reservoir under consideration, and would 

constitute refinements, but does not distract from the 

generalization of the method as herein deduced. 
Finally, 

where a, is the water-oil ratio for the period considered. 
This value is often determined from the empirical rela- 
tionship of oil produced vs water produced, established 
from the known production data. In brief what is sub- 
scribed for a, a and a; are instantaneous ratios, 
although variants through the entire reservoir perform- 
ance are only remained affixed during this increment of 
time change as designated by the reference survey. 

By differentiation of the material balance equation 
with respect to time, and recognizing those terms in 
Eq. 54 that are variables, Eq. 53 takes the form, 


2B d( +47 (Ree dp 
dp dt o dp dt 
dW, dw, 
q (Bin ate (Ryu Boa) 
(58) 


where q, is the constant rate of oil production for the 
time increment specified. Further, if we introduce the 
conditions expressed by Eqs. 55, 56 and 57, and inter- 
change the instantaneous pressure change for the cumu- 
lative pressure drop, Eq. 58 becomes 


dAp dAp 
dw, 


dt 


at N(Bex B,;) 


where § reflects the change for this increased time, and 
the affixing of the subscript M refers to the reference 
survey. 

If this increment is now excessive, the term defined 
by-oN,o(B, + (Rp R,;)B,), constitutes a second- 
order effect, comparable to a second-order differential, 
which is negligible. Further, if it is considered within 
this time interval that the basic data can be extrapolated 
linearly with respect to the essential reservoir para- 
meters that contribute to this change, the method reveals 
the simplified relationship for the cumulative pressure 
drop for the later time, independently of the pressure 
history that has transpired during the course of the 
field’s performance. 

Such recognizable factors that effect this change are 


(54) 


The first case considered is that for linear water drive. 
The instantaneous rate of water influx so defined in Eq. 
59 is established from the cumulative water influx, Eq. 
8, in differentiating the latter with respect to fm = 
Kt/pwlw, OF 


dw, — 


0 

where Q'(t») is the differentiation of Q(t»), for which 
O(tp) is zero for time zero, Eq. 9. It is essentially this 
characteristic, as well as the fact that Ap is zero at time 
zero, that permits the interpretation of a differentiation 
by the Laplace transformation, which is exactly the 
form Eq. 59 now takes to give 


Na,pAp Nju@2pAp =f (Box (Ryu R,;) Bow Adcwp ApQ (61) 

as oe gl As in the previous treatment, ‘Ap can now be ex- 
B, = a,(px — Pr) plicitly solved algebraically, to yield. 


where a, is the slope of the flash liberation curve for 
the time period specified, established for B, plotted vs 
pressure, with p., less than pw, that gives rise to this 
increment. 

Further, 

8(B, + (R, — Ra) B,) = a:(pu — pr). (56) 
is postulated on the factual data at hand, as the variance 
incurred in gas-oil ratio, corrected to reservoir condi- 
tion, will be related to the total oil produced and the 
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Aw 
ae p”) . . . . . . (62) 
with 
Adc 

= 
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The Laplace transform deduced in Eq. 62, the reader 
will recognize, is identical with the corresponding trans- 
form established for the undersaturated oil reservoir, 
Equals. which shows the similarity between both meth- 
ods and permits the inversion to be immediately written 
as 

Gifts (Bix + (Rou Bait a;) 

Dp = 
kA 


Likewise, for a radial water drive the comparable 
form to Eq. 62 can be expressed in Laplace transforms 
to give 


Ap (Bix (Roy Ry) Bow as) 


2rkh 
(Vp) + 
where 
ou (66) 


Therefore, the cumulative pressure drop incurred in a 
saturated oil reservoir can be explicitly defined as 


voking the pressure history for every resulting survey 
has been eliminated by the simplification developed. 

It is only after the completion of this entire work, 
and before the submittal of this publication, that time 
has been made available to prepare the necessary work 
curves to investigate a factual field performance that is 
illustrated in the Appendix. In this connection the— 
reader’s attention is directed to Fig. 3 which shows the 
comparison between this simplified method and the 
actual observed reservoir pressures. It suffices to say 
that the author has employed only the briefest of calcu- 
lations to show the checks thus obtained. Of further in- 
terest, the points as illustrated are established from the 
previous quarterly survey which evidences the facility 
for this method to investigate any portion of the pro- 
duction history independently of what has transpired. 
Probably of most significance, it may now be evident 
to the reader that this method offers a simplified means 
for predicting reservoir performance. 

In addition to this derivation, a more rigorous in- 
terpretation has been invoked. This takes into account 
the total voidage incurred in time, ty, which will be illus- 
trated for the radial water-drive phenomenon. 

Thus, the integration for Eq. 59 in the time interim, 
ty, to t, yields 


Na,Ap — NaApxu 


68 becomes 


(Roar —R,:)Byx dz) ty . . 
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Recognizing, therefore, that what is implied fo 


(68) 


: r W.» is the total water influx, or what corresponds to its 
replacement of the total fluids voided as expressed by the material balance formula, Eq. 53, then Eq. 


with 
Cu = (Na, — 


(70) 


Doftw( Bim (Rou Re) Box a;) 


ouN (orto) 


(67) 


Ap 


which follows from Eqs. 47 and 50. 

For a reservoir with a gas cap, and underlain by an 
oil column, the method still applies. This would necessi- 
tate the introduction of the expansion of the gas cap as 
an additional algebraic term, comparable to the relation- 
ships expressed by Eqs. 55, 56 and 57. However, to 
illustrate this method would only be a repetition of the 
results now accomplished, therefore its presentation is 
omitted. 

Further, what has been deduced here for an infinite 
aquifer would equally apply to a limited water drive. 
Since a limited aquifer entails a series expansion, as 
shown in the earlier work’, Eq. 65 would likewise con- 
form to a series expansion, obtained by algebraic divi- 
sion, for which the inversion must be performed. This 
holds little interest for the author, except to define the 
resolution of that problem for others, as his primary 
purpose here is to encompass the broad scope revealed 
by these simplified material balance equations. 

Essentially, what has been deduced in Eqs. 64 and 67 
is a survey traverse, where each individual survey fur- 
nishes the data for determining the ensuing pressure 
drop. In this respect the parameters A, and oy are 
re-established for every succeeding survey. The time 
factor, tp, merely denotes the total time elapsed from 
the inception of production to the subsequent time for 
which such pressure changes are computed. In the true 
meaning of these equations the results are dependent 
upon past reservoir performance, but the need for in- 
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a constant, ascribing all those terms fixed that are en- 
tirely dependent upon the previous survey. 

In brief, what is prescribed by Eq. 69 are these 
variables involved such as cumulative pressure drop, 
time and the pressure history as reflected by the water 
influx term, W,, Eq. 2, all referred back to the original 
time for the inception of production. It is this concept 
essentially, and the identification of those variables for 
the total domain of their variation that now extends 
beyond the reference survey, which permits the sub- 
stitution for Eq. 69 by the Laplace transformations, 


or, 


On Cur ou 


p (1+ oypQ) hr, pal + oupQ) 


with oy, a constant as previously identified by Eq. 66. 
In this connection it can be mentioned that the sub- 
scribing of the water influx to the total perimeter of the 
field is in the nature of a mathematical notation that 
does not necessarily apply in practice. The actual desig- 


nation for this coefficient associated with the water 


influx term can only be established from factual field 
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data that necessarily must appear in oy, as well as in 
those parameters dependent upon this factor as repre- 
sented in Eqs. 67 and 72. 

To continue, the extension for Eq. 72, expressed in 
Bessel functions, gives the relation, 


(Brat (Row R,;) Box ats a;) 


2rkh 
onK,(V Pp) Cu 
ouK P) (73) 
+ 
for which the inversion is the formula, 
Ap = (Bim (Rom Box + a;) 
GE 


where N’(ox,tp) is the differentiation of N(ou,to) with 
respect to fp, Or 


2 


dominant. These same results are evidenced from the 
formulations for N(omtp) and N’(outo) given by Eqs. 
51 and 75. In essence, the application for the first 
method becomes more effective with increased time. 
We shall pursue this thought in examining the extent 
that this second term, and second method, may have an 


effect in early times. This has particular reference to 


the meaning for.C,, and Eq. 70. Thus, for time zero, 
Cy is zero, but more important, what is entailed in that 
formula is an approximation for the integration by parts 
for the terms N(B;1 — and Now (Bia 
R,;)B,m). Since these are present as nullifying effects, 


Cy at early times and conceivably at more extended 


times, can either be zero or insignificant. This, joined 
with any appreciable value for 2moc,hr, , can render 


this second term even more inconsequential. 

Since this is the time period for the predominance for 
the second method and the contributions forthcoming 
from Cy, these second-order effects so evidenced lend 
greater weight to the significance of the first method and 
the simplification it entails. To the extent that the second 


method can only be deduced as a refinement for the 


first, but even so substantiates the validity for the latter, 
which is the purpose for this presentation. 

Finally, this chapter would not be complete without 
drawing certain analogies between these simplified mate- 
rial balance formulas and the constant rate case for 
producing wells, discussed at length in the Laplace 


Transformation’ that has reference to an earlier work. 
Thus, if time is large, with p small, the relationship 


expressed for a saturated oil reservoir subject to radial 
water drive, Eq. 65, takes the form 


K.(p”) 


(76) 


Pp 
for which the Laplace transform is identified with the 
| 


N (oto) = 


| uf{fon.(u) — + (a) — (aT 


0 


which follows from Eq. 51. With reference to Eq. 74, 
the reader will observe that this relation is identical 
with Eq. 67, except for the addition of a second term. 


It is well to compare the two methods deduced by 
the relationship of Eq. 72 which incorporates both 
applications. If the water drive is zero, as reflected 
by the Q transform in that formula, then its inversion 
reveals the explicit relationship for solution drive that 
would prevail for the conditions specified, as identified 
by the material balance equation. In its implication 
this illustrates that the mechanics so formulated can 
give the integrated effects for every survey traversed. 
However, what is more important, this shows that the 
variables involved are uneffected by the assignment of 
a constant rate, g,, over the time increment designated, 
but moreso for a fixed Cy, for which these same 
variables would equally apply for the designation of the 
pressure history by the appropriate transforms as now 
introduced in that formula. 

It is the recognition of the rigorosity for this second 
method that permits the investigation of the first. 
Primarily, as a critical examination of Eq. 72 shows 
that for time small, with p large, the second term in 
that formula is most predominant; and conversely, for 
time large, with p small, the first term becomes pre- 
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(75) | 
| 
constant rate case for a producing well (see Eq. VIII-B 


of Ref. 3). Thus, Eq. 76 can be immediately expressed 
as 


= (Brat (Rox R,;) Byu 


Ap P(tp) 
where the coefficient associated with P(t,) is the unit 
rate of production for the composite of oil and gas pro- 
duced from the reservoir. 


The significances of Eq. 77 are several fold. First of 
all the reader will recall that the basis for this formula 
is a survey traverse, in which the variable rates have 
been accounted for as a cumulative production. If it 
develops for large time that this pressure drop is inde- 
pendent of this cumulative production, but only depend- 
ent upon the final rate of production and the total time 
involved, then what is stated by Eq. 77 is that the 
applicability for the superposition theorem, or Duhamel’s 
principle, is superfluous in the treatment of the variable 
rate problem for dimensionless ¢, large. Since this is 
essentially the situation that prevails for producing wells, 
such variable rate studies can be expressed by the final 
rate of production to yield the cumulative pressure drop. 
In this connection the reader has only to apply this con- 
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cept, associated with the superposition theorem, to 
realize the close numerical checks obtained. 

; What has been evinced here finds its counterpart 
in a critical examination of the mathematics for the 
superposition theorem to show that this is a most apt 
approximation. 


The second point is one of deduction, but neverthe- 
less, of importance in the consideration of two-phase 
fluid flow for a producing well. Where the friction drop 
incurred in the sand proper for oil is the largest of the 
two factors for composite fluid flow into the wellbore, 
the unit rate of production given in Eq. 77 can account 
for the gas produced with the oil. In this respect the gas- 
oil ratio must be related to the amount of free gas that 
can be contained within the lithological entrapments of 
the oil column. Nor can this be prescribed by relative 
permeability, particularly as gas segregation has been 
evidenced in formations of lowest structural relief. 

Probably of most interest in the development of Eq. 
77 is the identification of the material balance equation 
with the flow formula for a producing well. Since in the 
former static or shut-in pressure obtained in pressure 
surveys constitutes the essential parameter employed in 
material balance studies to define the reserves in place 
and the influx of fluid from an external source, implies 
by virtue of this identification that static pressure 
has the same interpretations for well performance as 
pertains to reservoir behavior. 


The credibility for this assertion is evidenced by fac- 
tual field data. Thus, in any static bottom-hole pressure 
survey, the plotting of an isobaric map can reveal iso- 
—Tated pressure sinks, or lowered pressure areas that re- 
flect the character of individual well performances that 
have occurred in the past. The fact that we statistically 
weigh bottom-hole pressure data for employment in ma- 
terial balance calculations is to encompass the reservoir 
study for the field as a whole. Further, the rapidity of a 
pressure drawdown and build-up for a producing well 
can largely be influenced by the skin effect, for which 
our present known technology still applies; as this could 
well be a superimposed effect upon a slowly changing 
pressure gradient in the formation proper. If this situa- 
tion prevails, then we have in Eq. 77 the basis for cal- 
culating permeability in situ, or formation capacity, 


postulated on the over-all static pressure drop for a 


producing well. 


‘Finally, as the reader may surmise from this work, if 
pressure as such can be explicitly identified in a ma- 
terial balance equation it can be transcribed through a 
common aquifer to indicate the pressure lowering in an 
adjoining field. Such effects are retroactive from one 
reservoir to the other to indicate the interference pat- 
tern between fields. This study has now been developed 
from the mathematics herein deduced and will receive 
publication. What is established is the incorporation of 
the actual physical data, such as PVT analyses relating 
to the oil and gas voidage for each individual field and 
their areal extents with respect to the common aquifer. 
As would be expected, the mathematics for such an un- 
dertaking have proved complex, but the final results 
evidence their adaptability by the engineer. 


NOMENCLATURE 


r, = radius of field, L 

B, = oil formation volume factor, dimensionless 

N = initial oil in place, corrected to stock-tank 
conditions, L’ 
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N, = cumulative oil produced, L’ 
W, = cumulative water influx, L’ 
c, = oil compressibility, volume per volume per 
unit pressure change 
p, = initial reservoir pressure, m/Lt 
p = reservoir pressure, m/Lt’ 
Ap = p; — p, cumulative pressure drop, m/Lt 
h = net pay thickness, L 
tp = dimensionless time 
t = absolute time 
k = absolute permeability, L* 
¢ = porosity, expressed as a fraction 
[lw = Viscosity of water, m/Lt 
C» = water compressibility, volume per volume 
per unit pressure drop 
A = lateral surface exposed to water influx, L’ 
4. = rate of oil- production, L’/t 
B, = volume of reservoir oil and its liberated so- 
lution gas per unit volume of stock-tank 
oil, dimensionless 
R, = cumulative gas-oil ratio 
initial solution gas-oil ratio 
gas formation volume factor, or specific 
volume, expressed as volume of gas at 
reservoir condition per unit volume at 
standard condition 
W, = cumulative water production, L’ 
d,, As, @; = instantaneous slopes of physical parameters 
at reference survey, fy 


1. Hurst, William: “Water Influx Into a Reservoir and Its 
Application to the Equation of Volumetric Balance”, Trans. 
AIME (1943) 151, 263. 


_ 2. Schilthuis, R. J.: “Active Oil and Reservoir Energy’, Trans. 


AIME (1936) 118, 31. 

3. van Everdingen, A. F. and Hurst, William: “The Applica- 
tion of the Laplace Transformation to Flow Problems in 
Reservoirs”, Trans. AIME (1949) 186, 305. 

4. Campbell, George A. and Foster, Ronald M.: “Fourier 
Integrals For Practical Application”, Amer. Tel. and Tel. 
Co. (1942). 

5. Watson, G. N.: A Treatise on the Theory of Bessel Func- 
tions. Cambridge Univ. Press (1944). 

6. van Everdingen, A. F., Timmerman, E, H. and McMahan, 
J. J.: “Application of the Material Balance Equation to a 
Partial Water-Drive Reservoir”, Trans. AIME (1953) 198, 


APPENDIX 


The factual example employed for this illustrative 
calculation relates to a paper titled, “Application Of 
The Material Balance Equation To A Partial Water- 
Drive Reservoir”, by Van Everdingen, et al’. This pub- 
lication was chosen only because of the detail with 
which the production data was compiled. Therefore, 
the authors should not infer that there is any purpose 
served here to change the status quo of their over-all 
conclusions, as the primary objective is to present the 
simplified material balance calculations. 

To incorporate this portion of the work the reader 
must be prepared to treat with the change of symbols, 
as that publication’ employs its own distinctive nom- 
enclature. Furthermore, the AIME has now adopted its 
set of symbols, and unfortunately this investigator still 
thinks in the traditional symbolism of Schilthuis’ for- 
mula, and the employment of millions of barrels of oil 
as a unit. This is augmented by the fact that we must 
deal with dimensionless time, and the equivalent cgs 
units for permeability. However, we will attempt to 
clarify these many aspects. 
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In converting the essential constants of the cited paper 
10 the basic precepts of Eq. 67, the factor, 

associated with the water influx term in that work and 
could be defined as barrels of cumulative water influx 
per psi pressure drop, is identified in the corresponding 
legend as cc/atm when expressed as 

= (181.89) (14.7) (.159) (10)° 


where 1 atm = 14.7 psi, and 1 bbl = 159,000 cc. 
The AT, as reported in Table 1 of the reference 
paper’ for each quarterly survey, or 
T= k(30.4) (3) (86,400) 


gives the equivalent dimensionless time for 1 sec, and 
PH wl wl, 


where 86,400 sec constitutes a day for a 30.4-day 
month. 

Thus, the product for Eqs. 79 and 81 immediately 
yields the constant, 

bw 
invoked in Eq. 67. 

The determination for a, and a, Eqs. 55 and 56, fol- 
lows from the transcendental functions already sub- 
scribed in that publication’ where the flash differential 
is given by 


0.650] 1.73117p + 0.00042536p" 

where 0.650 is the shrinkage factor for this slightly un- 
dersaturated crude that prevails at the bubble-point 
pressure, p, = 3,690 psia, although the initial reservoir 
pressure, p; = 3,793 psia. 

Therefore, by the ordinary process of differentiat- 
ing Eq. 83, and setting the limit for a previous pres- 
sure survey, Px, a; can be expressed as 


dB, (84) 


where in this context the basic unit is the reciprocal of 
pressure in psi. The affixing of the absolute value for 
Eq. 84 is in conformance with Eq. 55 as we are dif- 
ferentiating with respect to Ap and not pressure per 
se, for which the latter would necessarily be negative 
in slope. 

Correspondingly, the relationship for the specific vol- 
ume factor for gas is given in that paper’ and can be 
expressed in these symbols as 


1 
Bg 
5.615E 
1 
(— 158.107 + 0.455244p — 0.000025854p’) 


Since this is associated with the gas-oil ratio in cu- 
bic feet per barrel, the authors’ have already subscribed 
the necessary conversion factor. . 
_ Again, by the process of differentiation, this equation 
of state can be expressed as 


(=) 
Ap AP 


dp 


(86) 


with the limit set at the previous survey and the units 
being the reciprocal for pressure in psi. 

Therefore, recognizing what is implied for Eq. 56, 
then 


dB, dB, 
ic | dp PM a | dp PM 
dR, 
By» . . . . . . (87) 


If the cumulative gas-oil ratio remains fairly constant 
this last term is eliminated. 

Thus, taking account of the units ascribed to Eqs. 
78, 84 and 86, then 


(Na, Nyu@) 
where N, the reserves initially in place, is 26,146,000 
bbl of oil, corrected to stock-tank conditions. 

The actual illustrative calculation can only be shown 
in part, as space does not permit each detailed step. 
What will be portrayed is the employment of the data 
for the third survey of 1945, to calculate the pressure 
for the fourth survey of 1945, or what would correspond 
to the first of 1946. The reference is Table 1 of Ref. 6. 

For the third survey of 1945 the average reservoir 
pressure is 3,293 psia, after 2,970,088 bbl of oil have 
been produced. Therefore, from the equations of state, 
the essential parameters can be immediately established, 
to give 


Ou 


= 0.00017520 


Py 


Bir 


1.59768: = 
dp 


(89) 
and 


= 0.00094283; = '0.25332(10)~ 


PM 


Thus, in conformance with Eq. 87. 
a, = 0.00017520 + (1,006 — 900) (0.25332) (10) ° 
(1,006 — 987) (0.00094283) 

A word of explanation with respect to the latter: the 
solution gas-oil ratio in this field is 900 cu ft/bbl. Fur- 
ther, the rate of change of the gas-oil ratio as so as- 
cribed is postulated on the increasing ratio as reflected 
from the second to the third survey with the lowering 
of their respective reservoir pressures. Although such 
in itself serves as an approximation, the writer has found 
that if the previously increasing gas-oil ratios to the 
reference survey are plotted vs cumulative pressure 
drop, an index prism mounting on a protractor offers 
a fairly excellent means for establishing this slope at 
the reference point, once a smooth curve is drawn 
through all points. 

Thus, in subscribing the values as pertain to Eq. 88, 


Cx 


=0,0013217. (90) 


181.89 
[(26,146,000) (0.00017520) — (2,970,088 (0.0013217)] 


Now we have to project our thoughts that will en- 
compass the rate of oil production from the third sur- 
vey to the end of the fourth survey, which is the sur- 
vey under consideration in the calculation of this pres- 
sure drop. For this three-month period (as referred to 
in Table 1 of Ref. 6) 2,257.24 B/D of oil are produced, 
or 

do = (2,257.24) (1.84) = 4,153.32 cc/sec . (92) 
where 1 B/D = 1.840 cc/sec. 
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Further, the water-oil ratio, Eq. 57, determined gra- 
phically for the reference survey in 1945, gives 
Therefore, to recapitulate the steps herein subscribed, 
for oy = 0.27760; and tp = 240, the dimensionless time 
for the survey in question, given in Table 1 of the 
cited paper’, 


which is established from Fig. 2 of the present work. 


Thus, the substitution of all values in Eq. 67 developed 
in the text, or 


Ap = Do few ar ) Bow ouN 


gives 


Ap = 
1.59768 + (1,006 — 900) .00094283 
4,153.32 + 50344 xX (3.15) 
809.29308 
Since the initial pressure for the field is 3,793 psia, then 
35793) — 523.06'=) 35270 696) 


as against 3,277 psia, observed. 

The consistency of the trend by what is computed 
by these simplified material balance calculations, and 
the actually observed field data is shown in Fig.-3 to 
indicate the close conformity so established. However, 
what will now be evident to the reader is that the de- 
pendency upon past pressure history performance is 
non-existent, which is the objective that this investigator 
has set out to accomplish. tok 
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Reverse-Wetting Logging 
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The most common method of identifying hydrocar- 
bon-bearing strata in a well that penetrates many differ- 
ent formations involves measurement and interpretation 
of the electrical properties of the formations as deter- 
mined by electrical logs. Even though this method is 
used extensively, and even though in a great many in- 
stances it is capable of indicating presence of oil or gas, 
situations arise for which it is extremely difficult, if not 
impossible, to deduce the presence of hydrocarbons. 
These situations may involve the following. 

1. A thin formation, bounded by highly resistive 
formations, in which it is impossible to obtain the ac- 
tual resistivity of the uninvaded zone with existing log- 
ging devices. 

2. A formation in which invasion has been so exten- 
_ sive that a value for the uninvaded zone resistivity can- 
not be obtained. 

3. A very shaly formation in which the resistivity in- 
dex, J, is lower than that usually associated with pro- 
ductive formations. 

4. Laminated formations comprised of thin produc- 
tive sands separated by thin shale streaks in which the 
individual sand and shale streaks are too thin to per- 
mit measurement of uninvaded-zone resistivity with ex- 
isting logging devices. 

5. Productive formations in which the water satura- 
tion is high. 

To extend the utility of electric log interpretation to 
identification of hydrocarbons in all types of formations, 
there is strong incentive to find a method not subject 
to these limitations. 


Some time ago, in connection with research on the 
wettability of reservoir rock, an investigation was con- 
ducted in which the resistivities of cores were measured 
shortly after they were removed from a core barrel, and 
again after they had been extracted and restored to 
their original oil and brine saturation.* The resistivities 


Manuscript received in Society of Petroleum Engineers office July 
14, 1958. Paper presented at 33rd Annual Fall Meeting of Society 
of Petroleum Engineers in Houston, Tex., Oct. 5-8, 1958. 

1References given at end of paper. a 

Discussion of this and all following technical papers is invited) 
Discussion in writing (three copies) may be sent to the office of 
the Journal of Petroleum Technology. Any discussion offered after 
Dec. 31, 1958, should be in the form of a new paper. 
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after extraction were generally lower. Other tests made 
on the cores indicated that they were more nearly water 
wet after they were extracted; thus, it was assumed that 
the observed changes in resistivities were due to a 
change in wettability of the cores. Other experiments’ 
have shown that resistivities of rock samples are sharply 
dependent on wettability. These experiments have shown 
that oil-wet samples are more resistive than water-wet 
samples. 

To obtain an understanding of how the wetting prop- 
erties of the surfaces of core material affect electrical 
resistivity, a series of experiments was conducted. Two 
groups of core samples were prepared for testing. One 
group contained brine, but no residual oil. The other 
group was saturated with brine, flooded with oil to a 
low water saturation, then flooded with brine to a final 
residual oi] saturation. Resistivity measurements were 
made on each group. Both groups were then flooded 
with the original brine to which a chemical had been 
added that renders sand and clay surfaces preferentially 
oil wet, a so-called reverse-wetting agent. Very little 
change in resistivity was observed in cores containing 
only water. The group containing residual oil, however, 
showed resistivity increases of 100 to 200 per cent. 

These experiments showed that the resistivity of a 
core containing oil could be altered by changing wet- 
tability of the core. Moreover, the possibility was in- 
troduced that reverse-wetting agents might be employed 
as the basis for a logging method for identification of 
oil-bearing strata. Since behavior of a porous rock con- 
taining gas and water might be expected to be similar 
to that of a rock containing oil and water, such a meth- 
od should also be applicable to identification of gas- 
bearing zones. In principle the wettability of the invaded 
zone could be reversed without altering conductivity of 
the interstitial water or the hydrocarbon saturation 
therein. Those. strata showing significantly increased in- 
vaded-zone resistivities would, therefore, contain hydro- 
carbons; those with no significant change would be 
filled only with water. 

Addition of a reverse-wetting agent to a hydrocarbon- 
bearing zone which is, by nature, already preferentially 


oil wet would not result in an enhancement of its re- ° 


sistivity. It is generally believed, however, that most 
hydrocarbon-bearing strata are preferentially water wet. 


PRTROTEIIM TRANCACTINNC 


(The possibility exists,.of course, that some reservoirs 
may be preferentially oil wet. In either the oil-wet or 
water-wet case, the reverse-wetting technique may be 
useful in determining in situ wettability.) More impor- 
tant, those strata difficult to identify from the electric 
log by virtue of their high water saturations and cor- 
respondingly low resistivity are almost certainly preferen- 
tially water wet. Consequently, the reverse-wetting tech- 
nique should be a useful logging method for detecting 
the presence of hydrocarbon-bearing zones containing 
even small amounts of oil or gas. 

With the objective of developing a useful logging 
technique, a laboratory investigation was initiated for 
development of a more complete understanding of the 
reverse-wetting phenomenon, and tests of the technique 


as a hydrocarbon-locating method were then made in 


the field. 


MEABORATORY INVESTIGATION 


A number of points pertinent to use of the reverse- 
wetting technique in locating hydrocarbon-bearing strata 
were explored in laboratory investigation. These points 
include type of reservoir rock amenable to the treat- 
ment, nature and amount of the agent required, rate 
of attainment of increased resistivity and its persis- 
tence, effect of characteristics of oil in the rock on the 
resistivity increase, and influence of temperature on 
the enhancement of resistivity. Experiments designed to 
elucidate these points are described in following sec- 
tions. 


TYPES OF RESERVOIR RocK AMENABLE 
TO TREATMENT 


To investigate the type of reservoir rock in which 
resistivity could be increased by addition of a reverse- 
wetting agent, a number of samples of sandstone, shaly 
sand, limestone and artificially prepared quartz cores 
were prepared to contain residual oil and brine. Another 
group of similar samples was saturated with brine only. 
Resistivities of corresponding samples in the two groups 
were measured. Wetting characteristics of the samples 
were then changed from predominantly water wet to 
predominantly oil wet by flooding the samples with a 
dilute solution of a reverse-wetting agent dissolved in 
brine of the same resistivity as that used in saturating 
the cores originally. Resistivity of each sample was 
again measured. 

Results of these experiments are shown in Tables 1 
and 2. Table 1 contains results obtained with samples 
completely saturated with brine. It can be seen that only 
an insignificant change resulted from contact with the 
agent. Table 2 shows the results obtained with cores 
containing brine and residual oil. In all cases the re- 
sistivity was increased significantly. 

From these experiments it can be expected that the 
resistivity of reservoir rock containing brine and residual 
oil is increased by addition of reverse-wetting agent re- 
gardless of the type of reservoir rock. 


NATURE AND AMOUNT OF AGENT REQUIRED 


As illustrated in Table 2 all reverse-wetting agents 
tested resulted in an increase in resistivity of the cores 
containing brine and residual oil. From this it appears 
that the pertinent characteristic of the agent is its abil- 
ity to render the rock surface preferentially wet to the 
hydrocarbon. An auxiliary experiment demonstrated that 
the action of the reverse-wetting agent in increasing re- 
sistivity is not due to a reduction in interfacial tension 
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TABLE 1—BRINE-SATURATED CORES 


Core Core 
resistivity resistivity 
before after 
contact contact 
with with 
reverse- reverse- 
Brine Wetting wetting wetting Resistivity 
resistivity, agent agent agent increase 
Core material (ohm-m) used* (ohm-m) (ohm-m) (per cent) 
Berea sandstone 1.01 A 14.1 16.4 16 
Berea sandstone 1.01 A 13.7 16.4 20 
Berea sandstone 1.01 A 14.7 16.5 12 
Berea sandstone 1.01 A 14.5 16.4 13 
Fused quartz 1.01 A 4.4 4.8 10 
Fused quartz 1.01 A 4.6 5.0 10 
Shaly sand 
(Borregas field) 1.01 A 9.2 12.4 35 
Leuders lime 7 
(quarry) 1.00 G 8.3 
Leuders lime 
(quarry) 1.00 G 9.3 8.5 =9 
Berea sandstone 1.00 G 17.0 17.3 2 
Berea sandstone 1.00 G 13.2 13.4 
*See Table 2 
TABLE 2—CORES CONTAINING RESIDUAL OIL 
Core Core 
resistivity resistivity 
before after 
contact contact 
with with 
reverse- reverse- 
Brine — Wetting wetting wetting Resistivity 
resistivity, agent agent agent increase 
Core material (ohm-m) used* (ohm-m) (ohm-m) (per cent) 
Berea sandstone - 
(outcrop) 0.0435 A 1.24 2.15 73 
Berea sandstone 
(outcrop) 0.0435 A 1.23 2.18 77 
Berea sandstone 
(outcrop) 0.0435 A 1.20 3.14 162 
Fused quartz 0.0435 - A 0.28 0.73 160 
Fused quartz 0.0435 A 0.28 0.65 130 
Fused quartz 0.0435 A 0.29 0.93 220 
Shaly sand 
(Seeligson 
field) 0.0435 A 0.94 1.72 80 
Shaly sand 
(Borregas 
field) 0.0435 A 1.13 2.14 89 
Berea sandstone 0.987 B 31.6 48.3 56 
Berea sandstone 0.987 G 313 80.3 156 
Berea sandstone 0.987 D 30.5 57.1 87 
Berea sandstone 0.987 E 32.2 61.2 90 
Berea sandstone 0.987 F 30.2 42.2 40 
Limestone 
(Picton field) 1.00 G 28.4 55.5 96 
Limestone 
(Picton field) 1.00 G 39.4 86.4 119 
Leuders lime 
(quarry) 1.00 G 21.2 42.5 100 
Leuders lime 
(quarry) 1.00 -G 20.6 30.6 49 
Berea sandstone 1.00 G 28.4 111 292 
Berea sandstone 1.00 G 30.4 82.5 171 


*A—Octadecyl amine acetate 

B—Cetyl dimethyl amine acetate 

C—Tetrosan (a cationic surface active agent sold by Onyx Oil & Chemical 
Co., Jersey City, N. J.) é 

D—Primene JM-T acetate (prepared from a tertiary octylamine sold by 
Rohm & Haas) 

E—Arquad 2-C (dicoco dimethyl 
Chemical Div., Chicago, III.) 

F—Amine acetate prepared from Primene 81-R (an amine sold by Rohm 
& Haas containing a 12-carbon and 15-carbon chain) : 

G—Armac CD-50-(a mixture of acetic acid salts of fatty amines; sold by’ 
Armour Chemical Div., Chicago, III.) 


ammonium chloride; sold by Armour 


per se. A core containing residual oil was treated with | 
a non-ionic surfactant, and it was observed that the 
core was not made oil wet. Resistivity of the core after 
treatment with this agent was slightly lower than its 
original resistivity. 

In the experiments, tabulated in Tables 1 and 2, con- 
centration of reverse-wetting agent utilized was in each 
case in the range of 2 to 5 per cent. Although no ex- 
tensive investigation was conducted to determine per- 
missible limits of concentration, it was concluded on 
the basis of laboratory experiments. that about 2 per 
cent concentration of the reverse-wetting agent is proba- 
bly adequate. 


RATE OF ATTAINMENT OF INCREASED RESISTIVITY 


To study rate of attainment of the resistivity increase 
brought about by alteration of wettability, a Berea core 
containing residual oil and brine was placed in a con- 
ventional waterflooding apparatus so that the core re- 
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sistivity could be measured while flooding was in prog- 
ress. Brine containing reverse-wetting agent was then 
flooded through the core at a rate of one pore volume 
every 140 seconds. Resistivity measurements were made 
periodically. 

Results of this test are shown graphically in Fig. 1. 
There appeared to be no appreciable time lag between 
time of contact with the agent and the subsequent re- 
sistivity increase. 

Shown in Fig. 1 are transient effects during periods 
of no flow. Resistivity under static conditions increased 
appreciably; it was 43 per cent higher than resistivity 
during flow. To elucidate this unexpected transient be- 
havior, another experiment was conducted with a water- 
wet Berea core containing residual kerosene in which 
the static and dynamic resistivities were determined 
when brine containing no reverse-wetting agent was 
passed through the core. For the latter case it was ob- 
served that the static value was only 13 per cent higher 
than the dynamic value. Hence, it was concluded that 
alteration of wettability leads to a considerable mag- 
nification of this transient effect. 

As a result of this investigation it was concluded 
that, for all practical purposes, the resistivity increase 
associated with reversal of wettability is attained almost 
instantaneously after introduction of the agent. 


PERSISTENCE OF INDUCED RESISTIVITY INCREASE 


To determine length of time that the resistivity in- 
crease brought about by a reverse-wetting agent per- 
sists, use was made of a Berea sandstone core contain- 
ing brine and residual kerosene. Resistivity of this core 
was measured. The core was then flooded with a few 
pore volumes of a solution of 2 per cent coco amine 
acetate in brine, after which core resistivity was meas- 
ured periodically for several days. 


Results of this experiment are shown in Fig. 2, where 
core resistivity is plotted as a function of elapsed time. 
The resistivity increase in Berea sandstone associated 
with reverse wetting persisted for at least 79 days. 


Another factor affecting persistence was studied, 
namely the influence of prolonged flushing with brine 
containing no additive on the resistivity increase induced 
by introduction of a reverse-wetting agent into an oil- 
bearing rock. A Berea core containing 1-ohm-m brine 
and residual kerosene was treated with reverse-wetting 
agent and then flushed with a copious volume of brine 
containing no agent. Core resistivity was measured per- 
iodically. Results of resistivity measurements are shown 
in Fig. 3 as a function of the amount of brine flushed 
through the core. After 74 pore volumes of brine had 
been flowed through the core resistivity was reduced 


120 | | Static 
a?’ | 
» 100 Valu: 
= | 
80 
{OO 
Equilibrium 
60 | | | Value 
2 | 
| | 
2 Initial R Wetting Operation; | 5! | 
2 
F 


0 100 200 «300 400 500 600 700 
Elapsed Time Since Start of Flood: seconds 


Fic, 1—Resistiviry oF BerEA Core CONTAINING 

ResipuaL Ort (a) Waite Fiowinc REeEvERSE- 

WETTING SOLUTION THROUGH CorE, AND (8) Dur- 
inc Pertops or No FLow. 


306 


from a high of 99 to 64 ohm-m, which was still twice 
the resistivity before wettability of the core was altered. 

These observations indicate that increased resistivity 
resulting from introduction of a reverse-wetting agent 
persists over long periods of time, and that the effect 
persists even after extended flushing of treated rock with 
an agent-free solution. 


EFFECT OF TYPE OF HYDROCARBON ON 
RESISTIVITY INCREASE 

As a matter of convenience, all experiments discussed 
previously employed kerosene as the residual hydrocar- 
bon phase. To determine whether the same results could 
be obtained with crude oil as the residual hydrocarbon, 
an experiment was performed using crude oil from the 
Conroe. field, Montgomery County, Tex., in a Berea 
sandstone core. Treatment of the core, which contained 
brine and Conroe crude at residual oil saturation, with 
a reverse-wetting agent resulted in a threefold resistivity 
increase; this demonstrated that results obtained with 
kerosene should be applicable to reservoir rocks which 
contain crude oil. 

No experiments comparable to those described in 
preceding sections were performed in which gas was 


_ substituted for oil as the residual hydrocarbon phase. In 


auxiliary experiments, however, visual observation was 
made of the wettability behavior of glass surfaces treated 
by reverse-wetting agents and it was evident that re- 
verse-wetting agents in aqueous solution produce prefer- 
ential gas wettability. It is thus likely that treatment of 
a reservoir rock containing brine and gas at residual 
saturation would result in increased resistivity. 


EFFECT OF HIGH TEMPERATURE ON 
RESISTIVITY INCREASE 

All experiments discussed previously were conducted 
at room temperature, approximately 70°F. To exam- 
ine effect of increased temperature on resistivity in- 
crease, a Berea core containing brine and residual kero- 
sene was flushed with several pore volumes of a 1 per 
cent solution of coco amine acetate in brine. Resistivity 
of the core was measured. The core was then placed 
in a container filled with reverse-wetting solution and 
heated to approximately 150°F for five days. Resistivity 
at the end of this period was essentially the same as 
that before heating, indicating that no deleterious ef- 
fects on the resistivity increase were introduced by 
higher temperature. 


THEORY 


Through laboratory experience we may postulate a 
mechanism which accounts for the increase in resis- 
tivity of an oil-containing porous rock on addition of a 
reverse-wetting agent. 
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The increase in resistivity is caused by a redistribution 
of the liquids within the pores brought about by a 
change in the wetting of the surfaces (see Fig. 4). 

Fig. 4a shows a cluster of sand grains containing 
brine and a residual oil globule. Since brine is the wet- 
ting phase and oil the non-wetting phase, a thin film of 
water separates the oil globule from the nearest sand 
grains. When a potential gradient is applied across this 
assemblage, current flows in the maze of capillaries con- 
taining brine. 

After passage of the reverse-wetting solution, the 
-capillaries originally filled with brine are coated with a 
layer of adsorbed ions which render sand surfaces oil 
wet. The oil globule is now able to grasp, so to speak, 
the sand grains, and moves into a new equilibrium 
_configuration consistent with the new wettability con- 
dition. Such a configuration is shown in Fig. 4b. Now 
the oil can more sharply restrict the flow of current in 
the capillaries than it could when the matrix was com- 
pletely water wet. Thus, electric resistivity is increased. 

In a shaly sample the adsorption of a cationic agent 
upon the shale surfaces may sharply reduce the ef- 
fect of double-layer conductivity. This may increase the 
resistivity of the sample slightly. However, laboratory 
work has shown that the change caused by this phe- 
nomenon is small when compared to the change caused 
by reverse wetting in a similar sample containing an oil 
saturation. 


FIELD TESTS 


Since the laboratory investigation demonstrated that 
the resistivity of porous rock containing brine and oil 
at residual saturation could be increased several-fold 
by addition of a reverse-wetting agent, plans were made 
for field testing the technique of locating hydrocarbon- 
bearing strata by use of a reverse-wetting agent. 

Two ways in which the reverse-wetting agent might 
be used were considered. One procedure consisted of 
(1) drilling through a suspected hydrocarbon-bearing 
zone with ordinary mud, (2) running an appropriate 
log, (3) displacing the original mud with a new mud 
or liquid containing a reverse-wetting agent, (4) dis- 
turbing the filter cake on the wall of the hole so that 
the agent might penetrate porous strata, and (5) run- 
ning a second log. Strata containing hydrocarbons were 
expected to exhibit an appreciably higher resistivity af- 
ter introduction of the agent. 

Another method of employing the reverse-wetting 
technique consisted of adding the agent to the fluid used 
during drilling into a zone which might contain hydro- 
carbons. In this case there is not available for compari- 
son a log made without the use of the reverse-wetting 
agent, but on the other hand, the high resistivity in- 
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duced by the agent in the invaded zone should produce 
characteristic features on short-spacing logs. 

Use was made of both of the foregoing methods 
in testing reverse-wetting logging in the field. 

A test conducted in California followed the procedure 
employing before and after logging. In this test the well 
was drilled to total depth with natural mud; then the 
zone of interest was reamed with a reverse-wetting mud. 
Logs were run both before and after using the special 
mud. 

A test was conducted in North Texas with the “sin- 
gle-stage” procedure. In this procedure the reverse-wet- 
ting agent was added to the mud used in drilling the 
zone of interest. These two tests are described in the 
following sections. 


CALIFORNIA FIELD TEST 

The California well chosen for a field test was to be 
completed in an interval that had produced in the area 
for a number of years. In previous wells drilled in 
this field, great difficulty was experienced in delineating 
the zones which would produce oil in commercial quan- 
tities and those which would produce only water. The 
electric logs were of limited use in this delineation be- 
cause throughout the zone the water saturations calcu- 
lated from data obtained with the induction and Micro- 
Log ranged from 75 to 100 per cent. It was hoped that 
completely oil-free sands could be detected by use of 
the reverse-wetting logging technique. 


PROCEDURE 


The test well was a field development well scheduled 
for a total depth of 7,450 ft. The well was drilled to 
6,600 ft with an 8%4-in. bit. At 6,600 ft hole size was 
reduced to 754 in., and the well was drilled to the total 
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depth of 7,450 ft. At this point electric logs were run 
in the natural water-base mud used to drill the well. 

Following logging of the well, the natural mud was 
displaced with a starch-stabilized mud which was 
weighted with calcium carbonate. This mud would ac- 
commodate the reverse-wetting agent. The mud filtrate 
was designed to have approximately the same resistivity 
properties as filtrate from the original mud. To effect 
complete invasion of the reverse-wetting mud filtrate 
into the formation of interest, the 7%-in. hole was 
reamed with an 834-in. bit. (Auxiliary tests in other 
wells indicated uniform invasion could not be obtained 
by disturbing the original mud cake with cementing 
scratchers in the presence of the reverse-wettiug mud.) 
Following the reaming operation electric logs were run 
again. Since the reverse-wetting mud was designed to 
have nearly the same resistivity properties as the natural 
mud used to drill the hole, the before and after logs 
could be compared directly. 


RESULTS 


The MicroLog obtained after reaming with reverse- 
wetting mud was radically different from that obtained 
before reaming. Portions of both MicroLogs are shown 
in Fig. 5. Whereas the before log was normal with posi- 
tive separation, i.e., lower resistivity on the 1 X Tf in. 
micro-inverse curve than on the 2-in. micro-normal 
curve, the after log revealed large increases in resistivity 
and negative separation in every permeable zone. (The 
negative separation, i.e., higher resistivity on the 1 X 
1 in. micro-inverse curve, suggests the adsorption of 
the reverse-wetting agent in the form of a thin annulus 
immediately adjacent to the wellbore.) In addition, the 
resistivities shown on both the 1- and 2-in. electrode- 
spacing curves were substantially larger after reaming 
with the reverse-wetting mud. Resistivity increases in- 
dicated by the 2-in. curves ranged from 80 to 250 per 
cent. Since a substantial increase in invaded-zone re- 
sistivity indicates presence of residual oil in the invaded 
zone, it was concluded that every zone within the 
reamed section of the hole contained some oil. This 
conclusion was confirmed by examination of all side- 
wall cores from the reamed interval. 

Fig. 6 shows a comparison of the MicroLaterologs 
obtained before and after reaming with the reverse- 
wetting mud. As was the case with the MicroLog, the 
after MicroLaterolog indicated increased invaded-zone 
resistivity in every permeable stratum within the reamed 
section of hole. 

An unexpected result was observed when the be- 
fore and after potential curves, also shown in Fig. 6, 
were compared. It was observed that the SP curve was 
developed in a normal manner when the before logs 
were run in the original mud. The SP curve obtained 
on the after logs, however, showed no development. The 
curve started at the shale base line and remained essen- 
tially at that value throughout the interval which was 
reamed with reverse-wetting mud. Upon entering the 
hole above the reamed section, the SP curve resumed 
a normal appearance. The reason for this behavior is 
not clear; however, auxiliary experiments suggest the 
depressed potential may result, in part, from a change 
in sign of the streaming potential when the filtrate flows 
through the cake of the special mud. Since the chemical 
used was a cationic surface-active agent, adsorption on 
the clay surfaces could produce this effect. 
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NortH TExas FIELD TEST 

In the North Texas field chosen for investigation of 
the single-stage procedure, the productive sand is e€Xx- 
tremely difficult to delineate by use of electric logs. The 
potential is usually not well developed, and the resis- 
tivity of the producing sand is virtually the same as that 
of overlying and underlying shales. Also, water satura- 
tions of above 60 per cent are calculated from induc- 
tion and MicroLogs run in wells in the area. The oil 
sand is thus not one which would normally be recog- 
nized as a productive member from examination of the 
usual electric logs alone. 

Because the productive zone is usually not recogniz- 
able from normal electric log data, this field presented 
an ideal opportunity for testing reverse-wetting logging. 
The decision was made to incorporate the agent in the 
mud used in coring the pay and to evaluate results by 
comparing logs made in the test well with logs of 
nearby wells drilled with ordinary mud. 


PROCEDURE 


The test well was drilled with a conventional water- 
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base mud. Just above the producing horizon a special 
mud containing the reverse-wetting agent was placed 
in the hole. The mud was composed of ground oyster 
shells, starch and guar flour in fresh water; the re- 
verse-wetting agent was coco amine acetate added in 
sufficient amount to yield a concentration of about 4 
per cent. (This particular wetting agent, though ef- 
fective, produced a severe foaming problem.) Care was 
taken to ensure that this mud had very nearly the same 
resistivity as muds used in drilling other wells in the 
field. The pay section was cored with this mud in the 
hole, using a diamond core barrel. Finally, an induc- 
tion-electric log, a MicroLog, and MicroLaterolog were 
ru’) in the well. 


RESULTS 


Fig. 7 presents a comparison of the micro-inverse 
curves from the test well and the two offset wells. The 
micro-inverse curves were used because they demon- 
strate most clearly resistivity in the zone very close 
to the wellbore. As shown in Fig. 7, the micro-inverse 
curve shows a marked increase in resistivity opposite 
the productive zone of the test well. In comparison, the 
micro-inverse curves of offset wells do not indicate a 
high resistivity. 

Fig. 8 shows a comparison of the MicroLaterolog run 
in the test well and resistivity values obtained from 
treated and untreated cores from the producing interval 
of the test well. To obtain measurements on the cores, 
it was first necessary to restore the water-wet condi- 
_.tion which existed before drilling with the special mud. 
A solution was injected into the cores to restore water 
wetness. They were then flushed with kerosene and 
flooded to residual oil with brine. Once residual oil-brine 
saturation was established, resistivities were measured. 
The cores were rendered oil wet with the brine solution 
containing reverse-wetting agent, and the resistivity 
measurements repeated. The brine solution used was 
adjusted to have a resistivity close to the resistivity 
of the filtrate from the field mud at bottom-hole tem- 
perature. As shown in Fig. 8 the MicroLaterolog resis- 
tivity curve falls between the before and after resistivity 
values obtained with cores from the test well. This po- 
sition of the curve is expected because the reverse-wet- 
ting agent is adsorbed on the surfaces of sand nearest 
the wellbore, and the region farther in the formation 
will approach normal invaded-zone resistivity. There- 
fore, the MicroLaterolog records a resistivity some- 
where between the two extremes. 


In view of results obtained with the MicroLog, the 
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MicroLaterolog and cores from the test well, it is con- 
cluded that the high resistivity observed in the pay of 
the test well was attributable to use of the reverse-wet- 
ting agent. 


CONCLUSIONS 


1. It has been demonstrated in the laboratory that 
addition of a reverse-wetting agent to a water-wet por- 
ous rock containing brine and oil at residual saturation 
results in a marked increase in resistivity of the rock. 


2. Field tests have demonstrated that resistivity of 


- oil sands, as measured by short-spacing logs, can be 


increased materially by introduction of a reverse-wet- 
ting agent. 

3. The reverse-wetting logging technique may be par- 
ticularly valuable in identifying hydrocarbons in thin 
beds, in highly invaded formations, in shaly formations 
and in formations containing high water saturations. 

4. This logging technique may be useful in determin- 
ing the in situ wettability of earth formations. 
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Many differences can be imagined between gas-oil 
flow in which the gas is supplied at the face of the core 
and gas-oil flow in which the flowing gas was originally 
dissolved in the oil. If capillary pressure characteristics 
and flow requirements control gas saturation distribu- 
tion, the gas would be expected to be located at pre- 
ferred sites within the porous medium as determined 
by pore sizes. On the other hand, during solution gas 
drive the gas first appears as bubbles through a nuclea- 
tion process. Nothing in self-nucleation theory specifies 
at which sites the first bubbles should be formed. In all 
probability they will be randomly distributed through- 
out the porous medium. Furthermore, it is not at all 
certain that even at low rates of production the gas 
will redistribute itself after nucleation to the channels 
normally occupied by gas in simple gas flow. 


Stewart, et al’, have shown that at least for some 
limestone samples, oil recoveries could not be predicted 
for all rates of production using any one set of relative 
gas and oil permeabilities. An important factor in con- 
trolling recoveries during solution gas drive was the 
rate of bubble formation, higher rates giving higher re- 
coveries. Stewart, et al’, attributed the increase in re- 
covery to a better distribution of the gas phase in 
heterogeneous limestone samples than is obtained by 
simple external gas drive. Differences in recovery from 
these causes were not reported for sandstone cores. 

In the experiments to be reported here, oil recovery, 
pressure and producing GOR history were measured 
during solution gas drive for a 5-ft sandstone core. The 
results were compared with predictions from the Muskat 
method for computing solution gas-drive behavior using 
external gas-drive relative permeability. The effects of 
changing the rate of production and oil viscosity were 
studied. 

At high laboratory rates of average pressure decline, 
two observations were made which would not have been 
predicted by Muskat’s depletion theory: (1) oil recovery 
increased with increasing rate of production for a given 
viscosity oil, and (2) oil recovery increased with in- 
creasing oil viscosity for a given high rate of produc- 
tion. Both of these observations are explained as conse- 
quences of diffusion control of gas saturations superim- 
posed on the normal gas-oil flow requirements. Fur- 


Original manuscript received in Society of Petroleum Engineers 
office Jan. 16, 1957. Revised manuscript received June 26, 1958. 
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thermore, discontinuous gas phase flow appears to be 
significant during solution gas drive. 

The laboratory tests were performed at rates of av- 
erage pressure decline many times greater than the 
maximum possible rate of average pressure decline in an 
actual oil field. It is, therefore, not possible to draw 
any direct conclusions regarding the effect of rate on 
recovery for the solution gas-drive mechanism under 
actual field conditions. However, at the lower labora- 
tory rates, recoveries were nearly independent of rate 
and could be predicted by the Muskat method, using 
external gas-drive relative permeability data. These re- 
sults suggest that at normal oilfield rates the effect of 
rate on recovery for the solution gas-drive mechanism 
is negligible. 


EXPERIMENTAL PROCEDURES 


The core material for the pressure depletion studies 
was Bandera sandstone from an outcrop in the Mid- 
Continent. This sandstone was selected because of its 
low permeability (about 10 md), which would permit 
the development of substantial pressure gradients in 
the core at moderate flow rates. The core was 5-ft long 
and 2-in. in diameter. Its properties are listed in Table 
1. Relative gas-to-oil permeability ratios were measured 
by an external gas-drive method’. The results are shown 
for a short 2-in. core and for the 5-ft core in Fig. 8. 

Oils used in the pressure depletion experiments were 
kerosene and a highly refined white oil (standard white 
oil No. 3) with gas-free viscosities of 1.8 and 25 cp, 
respectively. The gas was a naturally occurring methane 
from Gough field, Inglewood, Calif. The oil viscosities, 
gas solubilities and formation volume factors are plotted 
as functions of pressure at 75°F in Figs. 1 and 2. Meth- 
ane viscosities and compressibilities were obtained from 
the literature**. 


A core mounting was required which could with- 
stand up to 2,500 psi internal pressure. This was 
obtained by first encasing the core completely in a plas- 
tic resin (Scotch Cast, manufactured by Minnesota Min- 
ing & Manufacturing Co.) The plastic covered core 
was then inserted into a steel pipe equipped with screw 
caps so that the plastic coating could be pressured from 


TABLE 1—PROPERTIES OF BANDERA SANDSTONE CORE 


Oil permeability 7.41 md 
Porosity 16.0 per cent 
Pore volume 440 cc 
Length 152 cm 
Cross-sectional area 18.1 cm? 


Water saturation 
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the outside. The annular space between the plastic 
mounted core and the pipe was filled with oil which 
could be pressured at 3,000 psig. Inlet and outlet con- 
nections and 11 pressure taps were made through the 
pipe using high pressure fittiugs. O-rings were used for 
pressure seals where required. 

The core was saturated with oil by Reicnasne and 
then flushing with methane. The methane was displaced 
by flooding with oil until a residual methane saturation 
was obtained. At that time the oil pressure was in- 
creased to 2,000 psig to dissolve the residual methane. 


A Grove back-pressure regulator at the downstream end 
of the core was set to maintain 2,000-psig pressure in 
the core and flooding with dead oil continued. When 
the core was completely saturated with oil, gas-saturated 
oil was flowed through the core at pressures greater than 
the bubble point until all of the dead oil was displaced, 
as determined by the producing GOR. The core was 
ready then for the pressure depletion experiments. 


Two methods of producing oil were used; either the 
oil was produced at a constant volumetric rate, or the 
downstream pressure was reduced at a constant rate. 
For most of the experiments downstream pressure was 
held constant after it reached approximately one-tenth 
of the original bubble-point pressure. Measurements 
made during the depletion experiments were of cumula- 
tive gas and oil production and of pressures at the 11 
pressure taps, all as functions of time. 


EX 


The results of the pressure depletion experiments are 
summarized in graphs of average pressure vs cumula- 
tive produced oil and producing GOR vs cumulative oil. 
In each case a comparison is shown for observed solu- 
tion gas-drive behavior with that calculated using the 
Muskat method for computing solution gas-drive per- 
formance’. External gas-drive k,/k, data for the long 
core were used in the calculations. 

Average pressure, as a function of oil recovery in per 
cent of original stock-tank oil in place, is shown in Fig. 
3 for 1.8-cp oil. At the highest rate, 19.6 per cent of 
the original stock-tank oil was recovered. At the two 
lower rates, recovery was about 15.2 per cent of the 


_ original stock-tank oil, For the same terminal pressure 


the recovery predicted by the Muskat method, using 
external gas drive k,/k, data, was 15.2 per cent. The 
calculated pressures were, however, as much as 300 
psi greater than the observed pressures during early 
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phases of production. The difference is partially ex- 
plained by PVT non-equilibrium, which was known 
- to exist during the experiments. Material balance calcu- 
- Jations showed that the amount of gas actually released 
- from solution in the oil was substantially less than equi- 
“librium PVT data indicated it should be for the existing 
average core pressure. 

The instantaneous GOR’s as functions of cumulative 
produced oil in per cent original stock-tank oil are 
shown in Fig. 4 for 1.8-cp oil. Until 4 per cent of the 
_ original stock-tank oil was recovered, the producing 
GOR decreased for all runs. At high depletion rates, 
the producing GOR did not exceed the original GOR 
(the ratio at zero recovery) until 11 per cent of the 
original stock-tank oil was -recovered. The producing 
GOR reached a maximum and decreased toward the 
end of depletion for all runs with kerosene. 


A greater variation in oil recovery as a function of 
producing rate was observed for white oil than for kero- 
sene. Average pressure vs cumulative produced oil is 
plotted in Fig. 5. Two methods for controlling rates 
-were used in the white oil experiments. In one the oil 
production rate was held constant; in the other, the 
rate of pressure decline at the downstream end of the 
core was maintained constant. (For comparison, the 
initial producing rate was about 1.0 X 10~ cc/sec when 
the pressure was reduced at a rate of 2.0 psi/sec.) At 
constant rate of pressure decline the oil production rate 
is highest during the early part of the run and decreases 
as the run progresses. A maximum recovery of 22.8 
per cent was obtained at the highest producing rate. At 
the lowest producing rate the recovery was 9.7 per cent 
of the original stock-tank oil. Observed depletion be- 
havior at the lowest rate was in close agreement with 
predicted behavior calculated by the Muskat method. 


Instantaneous GOR’s, plotted against cumulative pro- 
duced oil, are shown in Fig. 6. The curve for a produc- 
tion rate of 3.0 X 10° cc/sec illustrates a phenomenon 
observed in several of the depletion runs. The instan- 
taneous gas-oil ratio reached a maximum at the same 
time that the downstream pressure reached its minimum. 
When the downstream pressure was no longer being 
reduced, the GOR declined abruptly and then continued 
its rise to a new maximum. A maximum early in the 
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run was also observed for the highest rate in which the 
reduction of the downstream pressure was at a rate of 
2.0 psi/sec. The maximum occurred much earlier in 
the run at the high rate but coincided with reaching the 
minimum in the downstream pressure. 

The effect of rate and oil viscosity on cumulative oil 
recovery is illustrated in Fig. 7. Total produced oil in 
per cent original stock-tank oil is plotted vs initial pro- 
ducing rate in per cent original stock-tank oil per day. 
For both kerosene and white oil, recovery increased 
with rate at the higher rates, but showed evidence of 
becoming rate-independent at low rates. All rates of 
pressure decline were greater than field rates of average 
pressure decline. 
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Another method for comparing observed with pre- 
dicted depletion behavior is to compare k,/k, curves 
for the core, computed from production and pressure 
data, with k,/k, curves measured by other methods. 
The permeability ratios were calculated using the same 
assumptions that are used in calculating field k,/k, 
curves, namely, that no saturation gradients or pres- 
sure gradients were present in the core. In Fig. 8 the 
field-type k,/k,’s are compared with external gas-drive 
permeability ratios measured on the long core and on 
small cores of the same core material. The agreement 
_was very good for the slow rate experiments, but at 
higher rates considerable divergence was observed. 


Some qualitative evidence of the effect of gas satura- 
tion, rate of pressure decline and diffusion coefficients 
on PVT non-equilibrium was obtained for the Ban- 
dera core. At any time during the depletion process a 
material balance calculation could be made. The amount 
of gas actually released from solution then could be 
compared with that which would have been released at 
the existing core pressure if equilibrium had existed. 


In Fig. 9, supersaturation (psi) is plotted against av- 


erage gas saturation for three depletion runs; kerosene 
at initial production rates of 1.0 X 10° and 3.0 x 10° 
cc/sec, and No. 3 white oil at an initial production rate 
of 3.0 < 10° cc/sec. Supersaturation is defined here 
as the difference between the equilibrium pressure cor- 
responding to the observed solution GOR computed by 
material balance and the observed average pressure. 
If appreciable pressure gradients were present in the 
core, supersaturation might have differed appreciably 
from one end of the core to the other, but no measure 
of this variation was possible. Supersaturation reached 
a maximum after nucleation at about 15 per cent av- 
erage gas saturation in the kerosene runs. This maxi- 
mum corresponded to the maximum rate of pressure de- 
cline required to maintain the initial flow rate. No such 
maximum was observed for the No. 3 white oil because 
the downstream pressure reached its minimum early in 
the depletion process. 


A PROPOSED SOLUTION GAS-DRIVE 
MECHANISM 


Deviations from pressure depletion theory which a 
postulated mechanism of solution gas-drive should ex- 
plain are as follows: (1) higher oil recoveries at high 
producing rates, (2) increasing oil recovery with in- 
creasing oil viscosity at a given high initial producing 
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rate, and (3) abrupt changes in producing GOR when 
the pressure is stabilized at the downstream end of the 
core after a period of declining pressures. 

A mechanism can be proposed which will explain 
qualitatively the experimental observations. The data 
show that nucleation and diffusion effects considerably 
increase the complexity of solution gas drive compared 
to external gas drive. In external gas drive the fluid 
distribution within the porous medium must adjust only 
to satisfy the requirements of flow capacity and capil- 
lary pressure equilibrium. Solution gas drive requires 
in addition that the gas phase be distributed sufficiently 
to provide for an adequate rate of diffusion of dissolved 
gas through the oil to a gas-oil interface. A gas satura- 
tion sufficient for the existing gas-oil flow rate may not 
be sufficient for diffusion of dissolved gas. 
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PVT NoN-EQUILIBRIUM AND GAS SATURATIONS 


If a porous medium completely saturated with live 
oil is considered, nucleation theory predicts that the 
pressure must be reduced appreciably below the bubble 
point before any gas bubbles appear. The extent of su- 
persaturation before a free gas phase is formed depends 
primarily on the presence or absence of nucleating 
agents in the oil or on the rock surfaces. In the absence 
of foreign nuclei the theory of self-nucleation indicates 
that the rate of bubble formation is a function of in- 
terfacial tension, contact angle and the degree of super- 
saturation. A review of self-nucleation theory has been 
presented by La Mer and its application to reservoir 
fluids discussed by Hunt and Berry’. 


As soon as a gas bubble appears within the porous 
medium, diffusion effects become operative. Diffusion 
tends to reduce supersaturation and to decrease the 
probability of forming new bubbles. Eventually a con- 
dition is reached in which gas is well distributed through- 
out the porous medium and at no site is the degree of 
supersaturation great enough to permit significant nu- 
cleation. The gas saturation required to eliminate nu- 
cleation depends primarily on three factors: (1) rate of 
pressure decline, (2) the diffusion coefficient of the gas 
dissolved in the oil, and (3) the degree of supersatura- 
tion required for significant nucleation. 


Gas FLow DurING SOLUTION Gas DRIVE 


Although Hunt and Berry developed equations to 
predict the number of bubbles formed and the average 
supersaturation during pressure depletion, they did not 
relate the result to gas-oil flow. In a simple multiphase- 
flow theory gas saturations are determined only by gas- 
oil flowing ratios and the capillary-pressure relation- 
ships. In the nucleation theory the gas saturation is 
generated by an entirely different mechanism. The satu- 
ration determined by nucleation and diffusion pro- 
cesses may, as a matter of fact, be quite different from 
that required for gas flow. If equations of the type pro- 
posed by Hunt and Berry are included with the usual 
equations for transient gas-oil flow, it becomes appar- 
ent that not all of these equations can be satisfied simul- 
taneously when there is a high degrec of supersatura- 
tion. Experimental results indicate that at high rates of 
pressure decline the gas flow equation is the equation 
that requires modification. 


If nucleation and diffusion path length are the pri- 
mary factors controlling the gas saturations, the appar- 
ent relative gas permeability will not be uniquely re- 
lated to the observed saturations. The physical condi- 
tion that could give rise to this situation is that at least 
part of the gas phase is not connected in continuous 
gas channels. Many observations, including microscopic 
examination of multiphase flow in sandstone thin sec- 
tions, indicate considerable discontinuous gas phase flow 
in solution gas systems. 

A possible mechanism for discontinuous gas phase 
flow is illustrated in Fig. 10. After nucleation occurs 
the new gas bubble grows by diffusion and expansion 
to a size too large to permit flow in the oil stream as 
illustrated in Panels 1 and 2 of Fig. 10. However, as 
the. gas continues to accumulate the pressure in the gas 
phase increases over that in the oil until the gas breaks 
through the larger pore openings, as shown in Panel 
3 of Fig. 10. Once an escape channel has been es- 
tablished the gas flows out more rapidly than it ac- 
cumulates from diffusion and expansion. The pressure 
declines in the gas phase and oil imbibes into the 
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pore openings interrupting the gas flow (Panel 4, Fig. 
10). The residual gas again accumulates more gas and 
the cycle is repeated. The gas flow rate in a mechanism 
such as this would be related to the accumulation and 
discharge frequency of the isolated gas “islands” and 
not directly related to the gas saturation. With no 
change in gas saturation, apparent relative gas per- 
meability may vary several-fold depending on the ac- 
cumulation and discharge rate. Although the illustra- 
tion is for a single pore, any single gas island may en- 
compass several pores. 

If the discontinuous gas-flow mechanism is correct, 
an explanation should be possible for the anomalous 
experimental observations. First, at high rates of pres- 
sure decline the development of a gas saturation would 
be diffusion controlled rather than flow controlled. 
Consequently, a higher gas saturation develops than that 
required to satisfy the flowing GOR. Increased gas 
saturations without increased flowing GOR’s result iu 
higher oil recoveries. High rates might be expected, 
therefore, to improve recovery. Second, the effect of oil 
viscosity must result, at least partly, from the lower 
diffusion coefficients for dissolved gas in higher viscosity 
oils. A decrease in the diffusion coefficients has an ef- 
fect similar to that for an increase in the rate of pres- 
sure decline. Shorter diffusion path lengths are required 
for gas to evolve at the same rate. Again, higher gas 
saturations are required for a given flowing GOR, giv- 
ing higher oil recoveries. For discontinuous gas phase 
flow, oil viscosity itself may have direct effects which 
have not been considered. 


Finally, the abrupt decreases in the instantaneous 
GOR’s with abrupt changes in production practice re- 
sult from the accompanying changes in the rate of 
gas generation at the downstream end of the core. A 
free gas phase is generated both from gas expansion 
and from gas evolution from the oil. According to the 
discontinuous gas phase postulate, a decrease in the 
GOR can result from a sudden decrease in the accumu- 
lation and discharge rate for gas in the gas islands with- 
out any appreciable change in the gas saturation. 

If the mechanism postulated here is correct, the the- 
oretical calculation of pressure depletion behavior be- 
comes extremely complex, particularly at the rates in- 
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volved in these experiments. A number of factors are 
required which are not easily determined. The relation 
between nucleation rate and the degree of supersatura- 
tion must be known. The diffusion coefficients must be 
determined. A parameter relating diffusion path length 
to gas saturation must be established. An exact solution 
of the problem is unlikely, but under certain producing 
conditions approximate solutions may be obtained which 
agree with experiments. 


One of the conditions for which satisfactory solutions 
can be obtained is that of low producing rates. Fortu- 
nately, the low rates are the rates of interest in reservoir 
engineering. If the production rate is low, flow require- 
ments control gas saturations for most of the producing 


history. At low rates, therefore, satisfactory agreement- 


may be obtained between conventional theory and ex- 
periment. 


CONCLUSIONS 


In laboratory solution gas-drive experiments, high 
tates of oil production were found to increase oil re- 
covery. The higher the oil viscosity the lower the pro- 
duction rate for which increased recovery was observed. 
All rates were much greater than average rates of pres- 
sure decline in oil reservoirs. 


For the lower laboratory rates, still much greater 
than field rates, recovery was predicted satisfactorily 
using external gas-drive relative permeability data. These 
results indicate that for reservoir calculations external 
gas-drive data can be used to predict solution gas-drive 
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behavior. The use of external gas-drive data has been 
recommended previously by Stewart, ez al. 

A mechanism is postulated for gas saturation develop- 
ment and for gas flow in solution gas systems. The basic 
premise of this hypothesis is that the gas phase is not 
continuous during much of the depletion process. But, ~ 
although discontinuous, gas movement does occur. The 
additional complexity of solution gas drive is a result 
of original bubble formation in oil-filled pore spaces 
and diffusion of dissolved gas from the oil to the gas- 
oil interfaces after they are formed. The rate effects on 
recovery are explained as a result of diffusion control 
vs flow control of gas saturations. 
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A Practical Utilization of the Theory of Bingham 
Plastic Flow in Stationary Pipes and Annult 


J. C. MELROSE 
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W. R. FOSTER 
E. R. PARISH 


INTRODUCTION 


The practical analysis of the hydrodynamics of the 
wellbore has long been a subject of interest to engi- 
neers. This paper presents a simplified solution to the 
problem of computing the pressure drov for the flow 
of drilling mud in the annulus of the wellbore. This so- 
lution is, however, an exact and rigorous solution un- 
der the assumptions which have been imposed. These 
assumptions are that the drilling fluid is a Bingham 
plastic fluid* and that the annulus is formed by two 
concentric, stationary, cylindrical pipes. It is further 
assumed that the fluid is incompressible and that its 
motion is isothermal and in a steady state. 

This problem under the same assumptions has been 
attacked by previous authors. Beck, Nuss and Dunn’ 
proposed that the equation for the flow of a Bingham 
plastic fluid in a cylindrical pipe could be applied to 
an annulus if the pipe radius were replaced in the 
equation by the hydraulic radius. This equation, known 
as the Buckingham-Reiner equation* (see Appendix 1), 
was also used in an approximate form. Van Olphen’ 
pointed out that even for a simple or Newtonian fluid 
the pipe equation (Poiseuille’s law) could not be con- 
verted to the Lamb equation’ descriptive of flow in an 
annulus (see Appendix 1) by using the hydraulic ra- 
dius. Van Olphen further attempted to give a solution 
for the annular flow of a Bingham plastic fluid by in- 
troducing approximations similar to those which have 
been used in the case of the Buckingham-Reiner equa- 
tion. Other attempts to provide approximate or exact 
solutions have been made by Grodde’ and by Mori and 
Ototake’. 

The present authors some years ago in unpublished 
work derived the correct.expressions relating the pres- 
sure drop and flow rate for this problem. It was found 
that the solution consisted of two simultaneous equa- 
tions, one of which contained a logarithmic term. Thus, 
obtaining numerical results for any particular case of 
interest involves very tedious trial-and-error computa- 
tions. Very recently Laird’ presented the correct deriva- 
tion of the two equations which are given in full detail 
in Appendix 1. 

In order to reduce the amount of calculation time 
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On the basis of this model the interpretation of rheological data 
obtained with a rotational viscometer has been previously dis- 
cussed.1?, 

3References given at end of paper. 
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which would be involved in providing a complete tabu- 
lar or graphical solution to the problem, a high-speed 
electronic digital computer has been utilized. For this 
purpose the two simultaneous equations were trans- 
formed into more compact expressions by introducing 
reduced variables. These expressions are given in the 
following theoretical section. 


A similar procedure in this problem has been de- 
veloped by Fredrickson and Bird”. Their tabular re- 
sults, however, are very incomplete in the range of 
practical interest for problems of wellbore hydrody- 
namics. We have furthermore been able to express our 
graphical results in terms of convenient and familiar 
dimensionless groups. 


THEGRETICAL DEVELOPMENT 


UsE OF REDUCED VARIABLES 
In terms of reduced variables the two simultaneous 
equations just discussed take the following form, 
The reduced variables g, x, a and z are defined in terms 
of the various measured quantities, where Q is volume- 
tric flow rate, AP/L is pressure gradient, D, is OD of 
inner pipe, D, is ID of outer pipe, yu is plastic viscosity, 
and ¢@ is yield point. Thus, we have a dimensionless 
volume flux, 


3240 
a dimensionless reciprocal pressure gradient, 
ey AP 
and the ratio of the pipe diameters 


Before introducing the fourth reduced variable, z, it 
is of interest to consider the physical significance of 
the parameter x. As may be seen from the velocity pro- 
file of Fig. 1 the Bingham plastic fluid has the inter- 
esting property that a portion of the stream flows at a 
uniform velocity without shearing action. This section 
of the stream is situated approximately in the center 
of: the conduit and is known as the “plug flow” region. 
Its existence is due to the fact that the shearing stresses 
within the region do not exceed the yield point, which 
is one of the two flow properties characterizing the fluid. 
The parameter x then turns out to be the ratio of the 
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sults obtained from the computer operations. Thus, 


values of g(x,z,a) corresponding to solutions of the 
Poiseuille, Lamb, and Buckingham-Reiner equations 
have also been tabulated. Explicit forms for the func- 
tion g(x,z,a) for these and other special cases are pre- 


be regarded as a reduced hydrodynamic conductance for 
sented in a later section. 


the present problem. It is to be noted that solutions for 


the cases of x 


In Table 1 are given the values of g(x,z,a) for the 
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is decreased. For a Newtonian fluid this case can 


represented by 


flow of a Newtonian fluid in a pipe can 


be summarized by the conditions, 
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9(x,z,0) = 9(x,x,0)= 1 4/3 x X 1/3 x* (1I1c) 
Yet another limiting case exists for which the 


g(x,z,a) = g(0,0,0) = 1 . 
Again, for Newtonian flow in an annulus, 
rate-pressure gradient relationship 


whence it follows from Eqs. 5 and 6, 
g(x,z,a) = g(0,z.,a) 


x 
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g(x,z,«), provides an extremely va 


ing the nature of the mat 


flow rate and 


giving the relationship between qg and F, as is shown 


in Figs. 3 and 4. 
SIGNIFICANCE OF THE CONDUCTANCE FUNCTION 
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respectively, 
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quanti- 
dimen- 
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Ils of the 


inner and outer pipe. The expressions for these 
ties can be conveniently written in terms of a 


f a graph 


ives values of F2(x,z,a) for the same ranges 
in Tables 1 and 2. In order to simplify the 


ractical determination of F, from experimental data the 
TABLE 2—PLUG POSITION FUNCTION, z 
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p (shear stress) = #(F + 1) 


For the outer and inner walls we have, 


é (rate of shear) = 


F,(x,Z,a) 
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g(x,z,a), on the basis of the conductance for a New- 
tonian fluid in a narrow annulus, g(0,2,1). Carrying 
out this procedure we define the normalized conduct- 
ance a8 

2(0;2,1) 21 a) 

Similarly, for the flow of a Bingham plastic fluid in-a 
pipe, if we normalize on the basis of the flow of a 
Newtonian fluid, a form which is actually unchanged 
results, 


g(x,x,0) 
Finally, it is of interest to obtain the normalized con- 
ductance for the case of the narrow annulus, 


_ g(%,2,1) 
g(0,2,1) 
In order to show that the success of the narrow 
annulus approximation for Newtonian fluids also extends 
to the case of Bingham plastic fluids, Fig. 6 shows 
plots of the normalized conductance functions defined 
in Eqs. 14, 15 and 16 vs the reduced variable x. For 
the general function, y, a value of a = 0.1 is assumed. 
It is of interest that previous proposals**”” of approxi- 
mate and exact solutions for the present problem can 
be compactly represented in terms of the function y. 
These forms are given in Appendix 2. 


USE OF DIMENSIONLESS GROUPS 


For many years engineers engaged in fluid flow 
problems involving Newtonian fluids have found it con- 
venient to express their flow equations in terms of 
certain well-known dimensionless groups. These groups 
have been chosen primarily on the basis of their utility 
in correlating data on turbulent flow and on the trans- 
ition from laminar to turbulent flow. However, the 
flow equations applicable to laminar flow are also 
conveniently simplified by the use of these groups, 
which are, for isothermal flow, 


4mV p 


R= (Reynolds number) . . (17) 
and 
f= (Erictiony factor) (18) 
where p is fluid density, 
D. 
m= Tee —«) = hydraulic radius, . (19a) 
and 
4Q 
V = mean fluid velocity (19b) 


As yet no reliable information is available on tur- 
bulent flow, or the transition to turbulence, for the 
case of Bingham fluids. Hence, the choice of the dimen- 
sionless groups has not yet been standardized through 
usage. One choice, used by several authors since 1947, 
is based on the following dimensional group which 
may be termed the characteristic velocity, 


A dimensionless group, the Bingham number, is then 
defined as 


(20) 
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It is of interest that the dimensionless group introduced 
by Hedstrom” is equal to the product of the Bingham 
and Reynolds numbers. For the sake of emphasis we 
may note that to obtain a numerical value of the Bing- 
ham number for any particular case, the required data 
include only the hydraulic radius, the mean fluid 
velocity and the rheological properties of the fluid. 
In wellbore applications the range of values of Bi which 
will be encountered can be estimated to be 0 to 100. 

Using Eqs. 19 and 20 the expression for the Bingham 
number can easily be transformed to 


(22) 
4uQ 
which, with Eqs. 3a and 1, gives 
8 + a)(1 (23) 


It is clear that the Bingham number is equally appli- 
cable to flow in pipes and in annuli. In the latter case 
Eq. 23 can be simplified by introducing the normalized 
conductance function, y, which was defined in Eq. 14. 


This gives 
12x 
(24) 
while for the special case of a narrow annulus, 
Bi = (25) 


In the case of pipe flow Eq. 15 defines the normalized 
conductance, whence it is found that 
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y, (a=1.000 
(@ = 0.00) 
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(26) 
It is now possible to exhibit a rather remarkable 
property of the normalized conductance function, y. 
When this parameter is plotted against the Bingham 
number, Bi, curves are obtained for various values of a 
which lie very close to each other, as shown in Fig. 7. 
That is, the Bi vs y plot is extremely insensitive to the 
value of a. The usefulness of this result is readily 
apparent in that a very accurate estimate for y, at a 
given value of Bi, is given by y;, the normalized con- 
ductance for the narrow annulus. This statement, of 
course, is restricted to values of a greater than 0.1. 
A practical method of obtaining friction factors, and 
hence of pressure drops, can now be easily developed. 
By multiplying Eqs. 17 and 18 together another expres- 
sion for Bi results, 
2oL 


which, by virtue of Eq. 3b, can be written as 


Bi 


Equating the expression for the Bingham number given 
by this result with that of Eq. 24, it is found that 


24 
while for the special cases, Eqs. 25 and 26 yield 
and 
f= (narrow annulus) . . . ~ (30b) 


It should be noted that Eqs. 29 and 30 are alternatively 
obtainable directly from the definitions of f, R., y, Yo: 
and 7. 

_ In Fig. 8 are given plots of Eqs. 30a and 30b for 

the range of values of y.R. or y.R. up to 2,000. 
Beyond this point the Stanton-Pannell type of plot for 
turbulent flow is shown. In view of the excellent esti- 


mate for y which is provided by the y, vs Bi plot of 


Fig. 7, the y, curve of Fig. 8 will of course give very 
nearly correct values for the friction factor. The pro- 
cedure which is recommended for using Figs. 7 and 
8 is discussed in a later section and in Appendix 3. 


INITIATION OF FLOW 


When certain drilling fluids remain in a quiescent 
state a gel structure develops. The strength of this 
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structure is important since it must be broken before the 
system will flow freely. The pressure gradient required 
to rupture this structure and initiate flow in annuli 
and pipes can be estimated from Eq. 3b, taking the 
value of the parameter x to be unity. For a condition 
of no flow the yield point, ¢, is replaced with the gel 
strength, S,, developed during the quiescent period. For 
an annulus we obtain 


AP 4S, 


(31a) 
and for a pipe, 
AP AS, 


where D is ID of inner pipe. Neglecting the difference 

between D and D,, i.e., the thickness of the inner pipe, 

we can write for the total pressure gradient required to 

rupture gel contained in both a pipe and annular section, 
AP 4S, 

Dig (32) 


PRACTICAL APPLICATION 


It seems desirable to summarize briefly the pertinent 
points which form the basis of the practical procedures 
given in detail in Appendix 3. The first point is that the 
narrow annulus equation is used for calculating Bing- 
ham plastic and Newtonian friction losses where the 
conduit is an annular space. Both Figs. 6 and 7 showed 
that the case of a = 0.10 deviated only slightly from 
that for the case of a = 1.0. Accordingly, Fig. 8 shows 
only the two limiting cases of a = 0 and a = 1.0. The 
second point is the use of y, and y, to relate the fric- 
tion factor to the Reynolds number for viscous flow in 
pipes and annuli, respectively. Fig. 7 shows that these 
functions are fractional coefficients, each having a 
maximum limiting value of 1.0, ie., the Newtonian 
case. From this it is easy to see that y,R. (Eq. 30a) or 
y.R., (Eq. 30b) is a modified Reynolds number when 
the flowing material is a Bingham plastic and the con- 
ventional Reynolds number when the material is a 
Newtonian liquid. An obvious advantage here of the 
normalized hydrodynamic conductance is that the famil- 
iar concept of the friction factor-Reynolds number 
diagram for viscous flow is preserved. The third point 
concerns the handling of the turbulent region. Since 
there are appreciable uncertainties and inconsistencies 
surrounding the turbulent behavior of Newtonian liquids 
in annuli”” and little fundamental information about 
the behavior of the Bingham plastic in turbulent flow, 
an assumption must be introduced. For want of better 
information we assume, as in the case of flow in a 
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pipe, that turbulent fiow predominates in the case of 
Newtonian flow in an annulus when R,> 2,000; for 
the turbulent region we further assume that the Stan- 
ton-Pannell correlation for turbulent flow within smooth 
commercial pipes provides satisfactory approximate 
values for annular friction losses in turbulence. In the 
case of the Bingham plastic we assume that turbulence 
occurs in an annulus or pipe when the modified Rey- 
nolds numbers, y.R. and y.R., exceed 2,000, and that 
in fully developed turbulent flow the Stanton-Pannell 
correlation provides satisfactory approximate values for 
Bingham plastic friction losses. Furthermore, in fully 
developed turbulent flow the Reynolds number for the 
Bingham plastic is calculated using the plastic viscosity, 
following the suggestion of Hedstrom”. 

The uncertainties just discussed and the possible 
effects of factors such as pipe rotation and eccentricity, 
and downhole changes in rheological properties must 
be kept in mind when comparing friction losses cal- 
culated according to the following procedures with 
those observed in actual field practice. Although the 
results must be viewed with unavoidable reservations 
the procedures will provide reasonably reliable esti- 
mates of tubing and annulus friction losses. 

The groups described in the preceding sections are 
based on a consistent set of force and dimensional 
units. However, it is often impractical to adhere strictly 
to any particular scheme since working data are often 
gathered from a variety of sources and terminology 
is governed by the dictates of local customs. The sug- 
gested system of units described in Table 4 was devel- 
oped with these limitations in mind. 


SAMPLE CALCULATIONS 

The following examples illustrate the methods out- 
lined in Appendix 3 for estimating dynamic and static 
friction losses in tubing and annuli for Bingham plastics. 
Note that the system of units described in Table 4 is 
used exclusively in these samples. 


OVER-ALL FRICTION LOSSES (DRILLING MUD) 


Dimensions of pipe and hole and circulating rate are 
as follows. 


Hole diameter (D2) = 6.5 in. 

OD of drill pipe (D1) == 

ID of drill pipe (D) = 2:87 in. 

Depth (L) = 5000 ft 

Circulation rate (Q) = 4,5 bbl/min 
Mud properties are as follows: 

Plastic viscosity (1) CD) 

Yield point =: 17 |b/100 ft? 

Density ~ (p) = 10.6 Ib/gal 


Friction Loss in the Drill Pipe 


(4:5) 


V= = 9.34 ft/sec 


(2.875)? 

TABLE 4—SUGGESTED SCHEME OF ENGINEERING UNITS 
Quantity Notation Units 
Viscosity 
Plastic viscosity bh cp 
Yield point Ib/100 ft? 
Gel strength at time t Sr Ib/100 ft? 
Density p Ib/gal 
Friction loss AP/L psi/ft 
Flow rate Q bbl/min 
OD of inner pipe Dy in 
ID of outer pipe D2 in. 

Di/D2 a dimensionless 
Fluid velocity V= 
D2(1 —a2) ft/sec 
Reynolds number DAN dimenstonik 
iontess 

V2pL ess 
Bingham number Bi = dimension! 

ess 
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(38) (9.34) 

yo. = 0.535 (from Fig. 7 and a = 0) 


34) (10.6 
y.R, = (0.535) 


(38) 
yoR. > 2,000 
R, = 6,950 
f = 0.0083 (from Fig. 8 and Stanton-Pannell 
curve) 
AP (0.0083) (9.34)* (10.6) 
(25.81) (2.865) 


Friction Loss in the Annulus Between 
Drill Pipe and Hole 
& = 3.5/6:5, = 0:5385 
(17.16) (4.5) 
(6.5)? [1 — (0.5385)'] 
= (39.9) (6.51) (1 — 0.5385) (17) 90.83 


(38) (2.57) 
y, = 0.295 (from Fig. 7 and a = 1.0) 
= 
(927.7) (6.5) (1 — 0.5385) (2.57) (10.6) (0.295) 
(38) = 588 


y,R, < 2,000 
f = 0.0410 (from Fig. 8 and @ 
AP (0.0410) (2.57)° (10.6) 
81) (6.5) A= 015385) 


1.0) 


0.0371 psi/ft 


Over-all Friction Loss in Pipe and Annulus 


5,000 (0.1033 + 0.0371) = 702 psi 


FRICTION LOSS IN ANNULUS (CEMENT) 


Dimensions of pipe and hole and circulating rate are 
as follows: 


Hole diameter (D2) 
OD of casing (D1) = 7in. 
Depth (L) = 117300 


Circulation rate. (Q) = 2 bbl/min 
Cement properties are as follows: 
Portland (type 1) cement 


Plastic viscosity '¢p 
Yield point = 11C Ib/100 ft? 
Density (p) = 14 |b/gal 


Friction Loss Due to Flow 


a = 7/9 = 0.7777 


CIS) 

(39.9) (9) 0.7777) (110) _ 

(370) (0.107) 


y: = 0.285 (from Fig. 7 and a = 1.0) 


(927.7). (9) (40.7777). (1.07) (14). (0.285). 
370 
< 2,000 
f = 1.15 (from Fig. 8 and a = 1.0) 
(1.15) (1.07)? (14) 
AP = 464 psi 


21.4 


= 0.3569 psi/ft 


TOTAL PRESSURE REQUIRED TO INITIATE FLOW 
Circulation has been stopped for a period of one hour. 
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A pilot test on a portion of the drilling fluid shows that 
a gel strength of 50 Ib/100 ft’ develops during this time 
interval. 

Dimensions of pipe and hole are as follows: hole 
diameter (D.) = 9.875 in.; OD of drill pipe (D,) = 
4.5 in; a@ = 4.5/9.875 = 0.4557; and 

AP (50) 
L (9.875). (0.4557).(1 — 0.4557) 


= 0.0680 psi/ft 
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APPENDIX 1 


SUMMARY OF FUNDAMENTAL 
FLOW EQUATIONS 


NEWTONIAN FLUIDS 
Pipe (Poiseuille equation) : 
Slit: 
WD‘ AP 
where W is length of slit and D, is width of slit. 
Annulus (Lamb equation) : 
AP (1 — a’) 
“Tog, (1/a) 
Narrow Annulus (same as slit case): 
W = Su + a) 


— 


(1 +a 
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BINGHAM PLastic FLuIps 
Pipe (Buckingham-Reiner equation) : 


128uL 3 \ DAP 3 \ DAP 
Slit: 
12uL 2 \ D,AP 2 \D,AP. 
Annulus (see Fig. 1 for definition of 8, and £.): 


428 nL 
+ 


(oar) 


with the subsidiary condition that 
46L 1 \? 


+ b+ tog.(q) + 
+ 


APPENDIX 2 


log 


RESULTS OF OTHER INVESTIGATORS 


Beck, Nuss and Dunn’: 


Van Olphen’: 


log, (1/a) 


where 
3 


Grodde’: 
Laird (approximate solution)”: 


la t+ (1 +a’) 


3/2 


APPENDIX 3 


STEPS IN CALCULATION OF FRICTION LOSSES 


FRICTION LossEs IN Pipgz (BINGHAM PLASTIC) 
D, = D; 
Step (a) 
Calculate, 


823 


hl 


O 
V= (17.16) 
Do 
Bi = (39.9) => 
929) WV 
Step (b) 


Refer to Fig. 7, find y, corresponding to Bi on the 
curve labeled a = 0. 


Step (c) 
Calculate, 


DV 
(927k) 


Skip Step (d) and go on to Step (e) if yoR_> 2,000 
since this means the material is in turbulent flow. 
Step (d) y.R. < 2,000 

Refer to Fig. 8, find f corresponding to y.R, on the 
curve labeled a = 0. 

Step.(e) 7 Ke > 2,000 

Refer to Fig. 8, find f corresponding to R, on the 

Stanton-Pannell line. 


Step (f) 
Calculate, 
€25-81).D 
FRICTION Losses IN ANNULI (BINGHAM PLASTIC) 
Step (a) 
Calculate, 
a = D,/D; 
(39.9)D.(1 — 
pV 
Step (b) 


Refer to Fig. 7, find y, corresponding to Bi on the 
curve labeled a = 1.0. ' 


Step (c) 
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Calculate, 


yiR, = (927.7) 


D, a)Vp 


Skip Step (d) and go on to Step (e) if yR. > 2,000 
since this means the material is in turbulent flow. 
Step (d) y:R. < 2,000— 

_ Refer to Fig. 8, find f corresponding to y:R, on the 
curve labeled a = 1.0. 
Step (e) y:R. > 2,000 

Refer to Fig. 8, find f corresponding to R, on the 

Stanton-Pannell line. 


Step (f) 
Calculate, 
AP 


PRESSURE REQUIRED TO INITIATE FLOW 


DRILL PIPE 


D =D; «10 


Calculate, 
AP S; 
ANNULUS 
Calculate, 
D,/D: 
(3.333 X 10°)S, 
TOTAL (PIPE PLUS ANNULUS) 
Calculate, 
a = D,/D. 
AE (3.333 X 10°)S, 
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Generalized Newtonian (Pseudoplastic) Flow in 
Stationary Pipes and Annuli 


J. G. SAVINS 


The first paper in this series’ outlined practical meth- 
ods for applying the theory of steady-state flow of an 
ideal Bingham plastic liquid through a circular pipe 
and axially through a stationary concentric annulus to 
the engineering analysis of friction loss problems. 

In the present paper the properties of another useful 
rheological model, the pseudoplastic generalized New- 
‘tonian liquid, are considered. The terminology applied 
to the rheological models is derived from the following 
classification of rheological models. The term “general- 
ized Newtonian” is a class designation applied to models 
which do not have yield points but which exhibit a 
dependence on shear rate. The term “pseudoplastic” 
applies to a sub-group of models within this class which 
exhibit a decrease in “viscosity” .with increasing shear 


rate. The term “power model” refers to a mathematical . 


model proposed for describing the behavior of the 
pseudoplastic liquid. This model is of interest since cer- 
tain of the salt saturated, oil emulsion, and “low solids” 
drilling fluids, inverted emulsion- and oil-base drilling 
fluids, aqueous gels, gelled crudes and blocking agents 
employed in hydraulic fracturing operations are of this 
type. 

The present treatment considers the equations de- 
scribing steady-state Poiseuille flow through a circular 
pipe and a stationary concentric annulus, and Couette 
flow between concentric rotating cylinders for a par- 
ticular pseudoplastic model. As in the previous paper" 
it is demonstrated how these equations can be applied 
to engineering calculations of friction losses. Graphical 
procedures for recovering the various flow curves and 
example calculations are included. A method for sim- 
plifying turbulent-flow correlations is also proposed. 


PROPERTIES OF PSEUDOPLASTIC 
GENERALIZED NEWTONIAN LIQUID 


In contrast to the Bingham plastic the generalized 
Newtonian liquid is yield point-free. However, in the 
flow region the relation between stress and rate of 
shear is not linear as it is with ordinary Newtonian 
fluids. If the stress increases with shear rate at a less 
than linear rate the system is called pseudoplastic. 
While there is no yield point in this system, the Bing- 
ham advocates? coined the term pseudoplastic to dis- 
tinguish this kind of behavior from Bingham plastic 
behavior. For the pseudoplastic a plot of flow rate vs 
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friction loss or rpm vs torque, from pipe flow or ro- 
tational viscometer measurements, respectively, gener- 
ally has three qualities: (1) it can be clearly extrapola- 
ted toward the origin; (2) there is very little slope at 
the origin. This accounts for the high apparent viscosi- 
ties at low mixing and pumping rates; and (3) the 
flow curve possesses a continuous curvature which 
gradually diminishes as the shear increases. 

Rheological measurements on a pseudoplastic liquid 
can be easily misinterpreted as indicating Bingham 
plastic behavior. A typical case in point is illustrated 
in Fig. 1. These data were obtained from measure- 
ments on an oil-emulsion mud using a commercially 
available rotational-type viscometer (Model 35 Fann 
V-G meter). Applying the “two-point”* method’ gives 
a plastic viscosity of 17 cp and a yield point of 24 
1b/100 ft’; at the same time weighting material settles 
very easily in this system. This illustrates that it is not 
possible to distinguish between the pseudoplastic and 
the Bingham plastic from only two data points. 


It is possible to determine qualitatively which model 
is more appropriate by a combination of dynamic and 
static measurements. Experience indicates that the sim- 
plest criterion for the Bingham plastic liquid is that the 
calculated dynamic yield point should be of the same 
magnitude as the measured gel strengths. For the oil- 
emulsion drilling fluid illustrated in Fig. 1, a value of 
4 lb/100 ft’ was obtained for gel strengths measured 


*In the two-point method the plastic viscosity is proportional to 
the reciprocal of the differential slope, while the yield point is read 
directly from the intercept on the dial reading axis corresponding 
to zero rpm, 


600 
RECIPROCAL SLOPE*™ PROPORTIONAL 
TO PLASTIC VISCOSITY OF I7 cp 
500F 
400F 
TWO - POINT METHOD 
(SEE REF. NO.3) iy 
= 
300 
7 
/ 
200+ 
/ 
/ 
/ * 
/ INTERCEPT * = YIELD 
POINT = 24 LB PER 
10 20 30 40 50 60 


DIAL READING 


Fic. 1—Typicat Fuow Curve, Ou. EMULSION 
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after 0 and 10-minute rest times. Thus, if the calcu- 
lated yield point is significantly larger than the static 
gel strengths, the system may be pseudoplastic. If the 
gels measured at the longer rest times are quite low 
and there is little evidence of thixotropy, as is often 
the case in well stabilized drilling fluids, the system 
is definitely pseudoplastic. Another useful criterion 
which can be applied where more than two data points 
are available, e.g., from use of the Model 35 V-G 
meter, is that on a logarithmic plot most pseudoplastic 
flow curves are straight lines while the Bingham plas- 
tic flow curve is continuously curved concave to the 
dial reading axis. 

Fortunately, there will be many cases where a fric- 
tion loss calculated using the Bingham model and one 
calculated using the pseudoplastic model will differ only 
by an amount well within the limits of accuracy with 
which the independent variables can be measured. How- 
ever, the practice of predicting the “suspending power’ 
of a mud for weighting material or of a fracturing 
fluid for sand from a calculated yield point can give 
rise to serious error if the material is actually pseudo- 
plastic. 


POWER MODEL LIQUID 


There have been various mathematical models pro- 


posed for the pseudoplastic fluids. One that has found — 


widespread use is called the “power model”, defined as 
a body for which the rate of shear is proportional to 
some power of the shearing stress. 


where e is shear rate in two dimensional flow, 7 is 
shearing stress, and k,N are rheological parameters 
(N>1). Its flow curve is a straight line on a logarith- 
mic plot. Reiner’ discusses the shortcomings of this 
model in considerable detail. It is clear that it does not 
correctly portray the behavior of real fluids as 77> 0 
and again as t—> ©. However, these limitations appear 
to be unimportant for many practical preblems and 
the model has been applied with surprising accuracy to 
the design of piping systems involving the manufacture, 
handling and application of a significant number of 
pseudoplastic materials. 


BASIC FLOW EQUATIONS 


Tue Pree CASE 


The equation’ for slip-free flow of a power model 
liquid in a cylindrical pipe is as follows. 


where V is bulk average velocity, D is pipe ID, and 


—— is pressure gradient. 


L 
It is convenient to write Eq. 2 in the form 
where 
8 
Ye = IN+6 (2B) 
= PAP 


When plotted on logarithmic paper as D, vs 7, a straight 
line is produced, It is seen that N is the slope whereas 


326 


DA&Ap 


the intercept of the line on the 7, or AL axis where 
D, is unity, is related to ypk, 
DAp 
( 4L 
where 


It is of interest to note that Farrow, et al’, Fischer’, 
Krieger and Maron’ and Weltmann’, among others, and 
more recently Metzner and Reed’, have pointed out the 
feasibility of characterizing the degree of non-Newton- 
ian behavior of various materials through the parameter 
N or its reciprocal. 

With this method of plotting flow data for a pseudo- 
plastic liquid the following precautions need to be ob- 
served. From the hydrodynamics of flow in a cylindrical 


DA : 
tube the term = is always the wall shearing stress, 


but the term D, is the wall shear rate only for the 
simple Newtonian liquid. In the case of the model 
presented here the wall shear rate is D,/yp- Neglect 
of the term has led several investigators into serious 
errors in correlating flow data on a given liquid from 
measurements in different geometries. It should also 
be noted that the intercept from this logarithmic plot 
is a dual function of both the rheological properties 
and conduit geometry. This means that in the K’ form 


the intercept is applicable only to problems involving 
flow in cylindrical tubing. 
THE CONCENTRIC ANNULUS CASE 


An analytical expression for the flow of a power 
model liquid in a concentric annulus of circular sec- 
tion has been derived by Fredrickson and Bird”, 


D.Ap 
where 
N+1 
i1=0 
_N+38 
in which 
N+ 1 (= N+1_ N-2443 
(5c) 
xs 
(5d) 
N+1 re 
=2 ( (N even) , 
N+ 1 (N + 1)! 
i) 
\ = values of r/R for which 7 = 0, 
D,. = inside diameter of outer tube, and 
aD, = outside diameter of inner tube. 
Eq. 5b may also be expressed as 


PETROLEUM TRANSACTIONS, AIME 


(1 a) N+2 

Fredrickson and Bird” hav tabulated values of Y for 
selected values of N and a. However, it is difficult to 
apply their method to the practical engineering prob- 
lems of relating flow rate to friction losses since it is 
first necessary to find Y by interpolation, solve Eq. Sf 
for ©,, and finally express Eq. 5a in terms of these 
parameters. 

From the very satisfactory manner in which the flow 
of a Bingham plastic liquid in a concentric annulus 


can be considered as plane rectilinear flow between 


fixed parallel plates’, it seems desirable to examine the 
analogous equation for the slip-free flow of a power 
model liquid 11 a narrow annulus. Now the expression 
describing the flow of a power model liquid between 
fixed parallel plates” is 
Ap\* 

(ar) 
where D, is width of the rectangular section and W is 
length of the section (W>>D,). Making the substitu- 
tions, 


W = (6b) 
D, 

D, = 7 (6c) 


we obtain the following equation describing slip-free 
flow of a power model liquid in a narrow concentric 


annulus. 
EDAD \* 
where 
( 2 ) 


It is seen that the complicated term Y appearing in Eqs. 


5a and 5f is replaced in Eq. 6d by the group, ( . =). 


In Table | are presented ratios of Y for selected 


values of N and a. For a fixed value of N the maximum > 


error occurs at the lowest value of a; for example, at 
N = 2 the error is 13.99 per cent at a = 0.1, but only 
0.04 per cent at a = 0.9. For a fixed value of a the 
error increases with increasing deviation from simple 
Newtonian behavior; for example at a = .3 the error 
is 2.28 per cent at N = 1, 5.87 per cent at N = 3 and 
11.1 per cent at N = 10. However, a majority of the 
pseudoplastic drilling and fracturing fluids, gels, etc., 
will probably have N < 3, « usually occuring between 
and.0.9. 

On the basis of the cited ranges in N and a and a 
probable maximum error of about 5 per cent, it appears 
that the simpler narrow annulus expression, Eq. 6d, will 
relate flow rate and friction loss with an accuracy well 


within the acceptable limits of practical engineering 
applications. 


Rewriting Eq. 6d in the form of Eq. 2 gives 


D.(1 — a) 4L 

Eq. 7 reduces to the equation for plane rectilinear 

flow of a Newtonian liquid between fixed parallel plates 

when N = 1. It is convenient to rewrite Eq. 7 in the 
form 


12 
D1 a) Ap 
(8c) 
12V 
Ds = (8d) 


When plotted on logarithmic paper as D, vs 7, a straight 
line is produced. Again, N is the slope while the inter- 


cept on the 7, or (pee! axis where D, is unity, 
is related to yak, 
DAA a) Ap 
where 
KY = (yak) (9b) 


Here the shear rate is D4/ya.- 


THE ROTATIONAL VISCOMETER CASE 


The equation which describes the behavior of a 
power model liquid in the rotational viscometer, in the 
absence of slip, is” 


2 
D.= (10) 
where 
B = R,/R, 


R, = outer cylinder radius 

inner cylinder radius 

» = angular velocity 

T = torque 

L = inner cylinder effective length 


Ye Np fn 1 
When plotted on logarithmic paper as eal vs 


a straight line is produced. By way of contrast, 


T 
when a Bingham plastic liquid is plotted in this man- 
ner the plot will be continuously curved in a direction 
concave to the r, or T/27R,'L axis throughout most of 
the range, followed toward the lower end of the range 


TABLE 1—COMPARISON BETWEEN EXACT AND NARROW ANNULUS SOLUTIONS FOR POWER MODEL LIQUID IN CONCENTRIC ANNULUS 


atio= 2 
a/N 1 2 3 4 5 6 ul 8 9 10 
0.1 1.0741 1.1399 1.1903 1.2281 1.2588 1.2810 1.2999 1.3153 1.3283 1.3393 
0.2 1.0394 1.0741 1.1019 1.1226 1.1396 1.1531 1.1644 1.1736 1.1814 1.1882 
‘OKs 1.0228 1.0431 1.0587 1.0716 1.0814 1.0898 1.0965 1.1021 1.1068 1.1110 
0.4 1.0133 1.0255 1.0350 1.0423 1.0488 1.0530 1.0572 1.0596 1.0636 1.0659 
0.5 1.0079 1.0147 1.0201 1.0246 1.0281 1.0309 1.0334 1.0346 1.0359 1.0370 
0.6 1.0042 1.0080 1.0101 1.0133 1.0160 1.0180 1.0200 1.0210 1.0220 1.0230 
0.7 1.00199 1.0038 1.0054 1.00599 1.00799 1.00905 1.00999 1.01105 1.01199 1.0130 
0.8 1.00087 1.00165 1.00243 1.00298 1.00354 1.00398 1.00454 1.00498 1.00554 1.00598 
0.9 1.000209 1.000419 1.00063 1.00084 1.00105 1.001156 1.001366 1.00157 1.00178 1.00199 
$27 
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by a region which will appear to be linear. These dif- 
ferences provide a ready means of distinguishing be- 
tween the power model and the Bingham plastic. Re- 
turning to the logarithmic plot of the power model, 
N is the slope of the line; however, the intercept of the 


line on the 7, or T/27R,L axis where Foi is unity, 
is related to y.k ; 

where 

The term T/27R,L is always the shearing stress at the 

surface of the inner cylinder, but the term oe is the 


shear-rate at the surface of the inner cylinder only for 
the simple Newtonian liquid. For the power model 
the intercept from the logarithmic plot it should be 
noted from the stated definition of and K, 


that flow data on a given power model liquid obtained 
in tubing or annular sections of varying sizes will form 
a composite plot, ie., a single straight line, for either 
pipe or annular section data, whereas the flow data on 
the same liquid obtained in the rotational viscometer 
with inner and outer cylinders of varying sizes will 
form a family of parallel straight lines. 


liquid the shear rate is . In the case of 


CORRELATIONS BETWEEN ROTATIONAL 
VISCOMETER, PIPE AND ANNULAR 
SECTION 


It is evident from Eqs. 3, 8 and 10 that in logarith- 
mic plots these expressions give rise to curves with 
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identical slope but with different intercept values. The 
relationship expressed by Eqs. 4, 9 and 11 also indi- 
cates that the latter values can be readily expressed 
in terms of one another. This feature is the basis for 
correlating rotational viscometer, pipe and annular sec- 


tion flow curves. 


ROTATIONAL VISCOMETER — CORRELATION 
It follows from Eqs. 4b and 11b that 


Yp 


‘This expression conveniently relates the rotational vis- 


cometer and pipe flow curves in terms of 8, the rotor 
bob radii ratio, and N or 7’, the slope of a logarithmic 
plot of Eq. 10. Since y»/7» is a function solely of B 
and N or n’, a table or graph of K’,/K, may be readily 
prepared for a given value of B and any range in N 


, 
v 


or n’. Table 2 gives values of K for a 1 to 10 range in 
Pp 


N and also includes corresponding values of y, and yp. 
For purposes of illustration the latter term is based on 
B = 1.0678, the radii ratio used in the commercially 
available viscometer referred to earlier. A graphical 
solution of Eq. 12 is described in Appendix A and il- 
lustrated in Fig. 3. 


ROTATIONAL VISCOMETER — ANNULUS 
SECTION CORRELATION 

Following the same plan as was used for the pipe 
case we can write from Eqs. 9b and 11b, 


Again, % is a function solely of 8 and N. Table 3 


Ya 
TABLE 2—-ROTATIONAL VISCOMETER* — PIPE CORRELATION FUNCTIONS 
/K' 
N n’ Yp Ye 
1.0000 1.00 1.00000 1.00000 1.0000 
1.1111 0.90 0.97297 0.99318 0.9817 
1.2500 0.80 0.94117 0.98437 0.9647 
1.4225 0.70 0.90324 0.97229 0.9493 
1.6666 0.60 0.85715 0.95844 0.9352 
2.0000 0.50 0.80000 0.93853 0.9232 
2.5000 0.40 0.72727 0.90959 0.9144 
3.3333 0.30 0.63158 0.86421 0.9102 
5.0000 0.20 0.50000 0.78239 0.9143 
10.0000 0.10 0.30769 0.59411 0.9363 
*Using B = 1.0678 
2.00 1.00 1.00 

1.90; 0.90 

1.80 0.98|0.80 

1.70 0.97 |0.70 

1.6 0.96| 0.60 

8300 P 


40 0.94| 0.40 


1.30 0.93|0.30 


1.20 40.92 |0.20 


1.10 10.91 10.10 


1-19, 
000 0.20 040 060 0.80 1.00 
n' 


Vic. 3—Pipe CorreLatTion Diacram. 
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summarizes values of a for a 1 to 10 range in N and 
also includes corresponding values of y, and y,. A gra- 
phical solution of Eq. 13 is described in Appendix A 
and illustrated in Fig. 4. 


PREDICTING PIPE AND ANNULUS FLow CuRVES 
FROM ROTATIONAL VISCOMETER DATA 


It was convenient, in view of extensive correlations 
already tabulated, to base the procedures described in 
Appendix B for constructing the pipe and annulus flow 
curves from rotational viscometer data on the design 
features of a specific design of rotational viscometer, 
the Model 35 Fann V-G meter. However, the proce- 
dures can be regarded as guides, useful with any rota- 
‘tional viscometer design from which the stress at the 
inner cylinder, 7,, and the radii ratio, 8, can be de- 
termined. 


With regard to the mentioned instrument, there are 


D 

six fixed values of 42 — {corresponding to the six speed 
settings as shown in Table 4. The relationship between 
n’ and the ratio of the 600-rpm dial reading 64. to the 
300-rpm dial reading 65. is 


300 

600 
from 1.00 to 0.10 in n’. The relationship between 7, 
in lb/ft’ and any dial reading § when the instrument 
is equipped with the standard torsion spring unit is 


_Table- 5 summarizes some values of 


for the range 


and when range extension springs are available, 


where RF is range extension factor for the spring, i.e., 


THE CRITERION FOR TURBULENCE 

It is desirable from an engineering viewpoint to pre- 
serve the concept of the friction factor-Reynolds num- 
ber diagram when developing a method which defines a 
criterion for turbulence for any given rheological model. 
Metzner and Reed’ correlated laminar and turbulent 
pipe flow data from the literature on the conventional 
friction factor plot. However, their development con- 
tains a cumbersome Reynolds number expression, the 
calculation of which can be simplified for the power 
~ model liquid. Furthermore, for this model, laminar 
friction loss calculations can become less involved com- 
pared to the method they employ. Weltmann*® also re- 
tains the basic form of the friction factor plot, model- 
ing her method for the generalized Newtonian after 
Hedstrom’s” treatment for Bingham plastic flow in 
pipes. A disadvantage of Weltmann’s method is the 


TABLE 3—ROTATIONAL VISCOMETER* ANNULUS SECTION 
CORRELATION FUNCTIONS 


K’ K’ 

N V4 Yo A 
1.0000 1.00 1.00000 1.00000 1.0000 
0.90 0.96428 0.99318 0.9737 
1.2500 0.80 0.92307 0.98437 0.9498 
1.4285 0.70 0.97501 0.97299 0.9284 
1.6666 0.60 0.81819 0.95844 0.9094 
2.0000 0.50 0.75000 0.93853 0.8939 
2.5000 0.40 0.66666 0.90959 0.8831 
Sisacs 0.30 0.56250 0.86421 0.8791 
5.0000 0.20 0.42857 0.78239 0.8866 
10.000 0.10 2.25000 0.59411 0.9170 

*Using 6 = 1.0678 


VOL. 213, 1958 


1,00 


0.99 

2.00} 0.98 

1.90} - 40.97 |0.90 

1.80 40.96]0.80 

1.70; 0.95 |0.70 
8600 1.60 0.94/0.60 4 
#300 1.50 093/050 

1.40 0.92|0.40 

1.307 0.91 {0.30 

1.20}; 0.90/0.20 

1.10 0.89 |0.10 

1.00 0.88 |0.00 

0.00 0.20 0.60 080 1.00 
Fic. 4—ANNULAR SECTION CORRELATION 
DracraM. 


necessity for interpolating between curves of constant N 
which are superimposed on the friction factor plot. 


The method developed here likewise preserves the 
concept of the friction factor-Reynolds number rela- 
tionship but does so in a simpler manner for the power 
model liquid. It is assumed that the transition between 
laminar and turbulent flow in both pipe and annular 


‘section occurs when a modified Reynolds number ex- 


ceeds 2,000 and that in turbulent flow, friction factors 
for both pipe and annular section correlate on the 
Stanton-Pannell-type curve. The limitations involved are 
discussed in a following section. 

The modified Reynolds number is developed as fol- 
lows from the relationship, 


2 


wetted perimeter] 1 


Now the usual friction factor-Reynolds number rela- 


where 


TABLE 4—THE NEWTONIAN SHEAR RATE AT THE INNER CYLINDER AS 
A FUNCTION OF RPM SETTING* 


rpm (sec) 
600 1,022 
300 511 
200 340 
100 170 
6 10.2 
3 5.1 


*Standard rotor-bob combination and speed settings (Model 35 Fann 
V-G meter) 


TABLE 5—VALUES OF N AND n’ AS A FUNCTION OF ae 
300 


N 4300 
1.000 1.00 2.000 
1.111 0.90 1.867 
1.250 0.80 1.741 
1.428 0.70 1.625 
1.666 0.60 1.516 
2.000 0.50 1.414 
2,500 0.40 1.320 
3.333 0.30 1.231 
5.000 0.20 1.149 

10.00 0.10 1.072 
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tionships in viscous flow for the pipe and narrow an- 
nulus are as follows. 


Annular 
1) 


Combining Eqs. 16 and 17, we can write the following 
Reynolds number groups for the simple Newtonian 
liquid. 


Annular 
(a—> 1) 

By analogy for the power model liquid we can write, 
Annular 
section VaRe = 12V'p/ta, (19b) 
(a—> 1) 


where the products y,R. and y.R, are the modified Rey- 
nolds number, reducing to Eqs. 18a and 18b when 
N = 1. The group y,R. is identical with the modified 


Reynolds number (eam) described by Metzner 
and Reed’. 
LIMITATIONS 


The procedures just described for handling the tur- 
bulent flow region for the power model liquid are based 
on assumptions similar in principal to those suggested 
elsewhere for non-Newtonian liquids’*’”. These as- 
sumptions are: (1) the onset of turbulence can be ex- 
pressed in terms of an arbitrarily chosen value of the 
modified Reynolds number and (2) in turbulent flow, 
friction factor data for both pipe and annular section 
can be correlated on a Stanton-Pannell-type curve. 


These are tentative proposals still lacking experi- 
mental verification over a wide range of non-New- 
tonian behavior for the power model liquid. It is un- 
likely that they will yield much more than a qualitative 
idea about turbulent region friction losses for highly 
pseudoplastic power model liquids. For example, it cer- 
tainly appears logical to expect that for flow in tubes 
the more pronounced viscosity gradient between wall 
and axis accompanying increased non-Newtonian be- 
havior might effectively retard the onset of turbulence 
through a damping-like action on eddy sites and other 
points of disturbance. The net result would then be ex- 
pected to be the appearance of a spectrum of critical 
modified Reynolds numbers and turbulent friction loss 
correlations for varying degrees of non-Newtonian be- 
havior unless the modified Reynolds number can be 
redefined to include a damping term. 


CALCULATION OF FRICTION LOSSES 

Appendix B describes procedures for predicting pipe 
and annulus flow curves from rotational viscometer 
data. Once these flow curves are constructed it is an 
easy matter to determine if a point of interest lies in 
laminar or turbulent flow using the procedures out- 
lined in Appendix B. Briefly, the group D, or Ds is 
calculated according to Eqs. 3d or 8d and located on 
the appropriate flow curve. Then 7, or 74 (Eqs. 3c or 
8c) is found by inspection and the modified Reynolds 
number calculated from Eqs. 19a or 19b. 

If the flow is laminar, i.e., y,R, or yaR. < 2,000, the 
friction loss Ap/L is simply 
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FRICTION FACTOR 


REYNOLDS NUMBER 
Fic. 5—Friction Factor DiacraM. 


Annular 
section Ap/L = 47,/D:01 — (20b) 
(a— 1) 

If the flow is turbulent the friction factor (f) cor- 
responding to y,R, or yaR, is found from a Stanton- 
Pannell-type correlation, Fig. 5. The friction loss Ap/L 
is then simply 


Pipe Ap/ D (21a) 
Annular 2 

2, 
section Ap/L = (215) 
(a—> 1) D:( a) 


SAMPLE CALCULATIONS 
The following examples illustrate the methods out- 


lined in Appendices A and B for predicting friction 


losses in tubing and annuli for power-model-type sys- 
tems. Note that the system of units described in Table 
6 is used exclusively in these examples. 

The following data were recorded for a fracturing 
fluid using the standard Model 35 V-G meter (range 


factor = 1.0). 
8 
600 58.0 0.618 
300 41.0 0.437 
200 33.5 0.357 
100 23.7 0.253 
6 5.8 0.0618 
1 


= (1) (0.01066) 
These 7, values are plotted in Fig. 6 as Curve V. By 
inspection, = 0.0193 and = 1.415. 
From Fig. 3, = 0.50, K,/K, = 0.9233, and 
-. K’,= 0.02090. Using K’, = 0.02090 as the base 
point, Curve P, the pipe flow curve, is plotted in Fig. 6. 


Dimensions of tubing, circulation rate, and fluid 
density are as follows. 


EXAMPLE NO. 1 


ID of tubing (D) = 2 in. 
Circulation rate (Q) = 1.63 bbl/min 
Density (p) = 7.508 Ib/gal 
17.16 1.63 
V= 7 ft/sec 
[96](7 
D,= oie = 336 sec 


tT, = 0.385 lb/ft’ (from Curve P, the abscissa value 
corresponding to D, = 336 sec”) 


(0.385) 
ypR. < 2,000 


PETROLEUM TRANSACTIONS, AIME 


= | 
10 10? to? 104 10° 10° 
| 
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TABLE 6—TERMS AND SYSTEM OF UNITS USED IN FRICTION 
LOSS CALCULATIONS 


Quantity Notation Units 

Bulk average velocity Vv ft/sec cts 
Correlation variable (annulus) Da sec" 

Correlation variable (pipe) Dp sec" 

Correlation variable (rot. Visc.) Dy 

Density p Ib/gal 

Dial reading 6 degrees 

Diameter ratio (annular section) a dimensionless 
Diameter ratio (rotational visc.) B dimensionless 

Flow curve intercept (annulus) K'a Ib (force)-sec”’ /ft* 
Flow curve intercept (pipe) K'p Ib (force)-sec”’ /ft* 
Flow curve intercept (rot. visc.) K'» Ib (force)-sec?’ /ft? 
Flow rate 


ow Q bbI/min 
Friction factor f dimensionless 
Friction loss Ap/L psi/ft 
ID of outer pipe D2 in. 
Modified Reynolds No. (annulus) vyARe dimensionless 
Modified Reynolds No. (pipe) yrRe dimensionless 


OD of inner pipe Ds in. 
Reciprocal structure No. n’ dimensionless 
Shear rate factor (rot. visc.) Yo dimensionless 
Shear rate factor (annulus) YA dimensionless 
Shear rate factor (pipe) Yp dimensionless 
Shear stress (annulus) TA Ib/ ft? 
Shear stress (pipe) Tp lb/ft? 
Shear stress To lb/ft? 
(rotational viscometer) 
Ap (0.385) 
— = ———_ = 0.06416 psi/ft 
EXAMPLE NO. 2 
D,p = unchanged 
= 4.66 bbl/min 
[17.16] (4.66 
(2) 
[96] (20) 
D; = [96] (20) = 960" 
(2) 


Tp = 0.652 lb/ft’ (from Curve P, the abscissa value 
corresponding to D, = 960 sec”) 
__ [1.858] (20)? (7.508) _ 
(0.652) 
> 2,000 
f = 0.0079 (from Fig. 5, Stanton-Pannell curve, 
where y,R, = 8,558) 


{ 
Ht 


10° 


Pa Th 
w 

< 
a 
A 
A 
Ki, =0.01930) FLOW 
Kh = 0.2090) CURVE 
Ki =0.02159/ INTERCEPTS 
10° 
10° 


| 
(Ty); (Tp), (7) 
Fic. 6—ExampLte Prot or VG Meter Data AND 


Resuttinc Pire anpD ANNULAR SECTION 
FLtow Curves. 


VOL. 213, 1958 


_ [0.03872] (0.0079) (20)* (7.508) 
(2) 


Ap/L 


= 0.4592 psi/ft 


Similar procedures were followed in constructing the 
annular section flow curve (a = 0.50) plotted as Curve 
A in Fig. 6. 
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APPENDIX A 


DESCRIPTION OF GRAPHICAL AIDS 


PLOTTING SHEET 

A sample plotting sheet is presented in Fig. 2. 
The ordinate scale is labeled D,, D, and D,, sec’. The 
scale is indexed as 10°, 10, etc. Horizontal lines are 
drawn across the plotting sheet from the following 
ordinate points: 1,022, 511, 340, 170, 10.2 and 5.1, and 
labeled 600, 300, 200, 100, 6 and 3 rpm, respectively. 
(These are the values, see Table 4, of the Newtonian 
shear rate at the wall of the inner cylinder of the Model 
35 V-G meter when the standard rotor-bob combination 
is used.) 

The abscissa scale is labeled (7,), (7,) and (74), lb/ft. 
It is indexed as 10°’, 10°, 10°, etc. 


PIPE CORRELATION DIAGRAM 

A sample correlation diagram is presented in Fig. 3. 
The curves are graphical solutions of Eqs. 3b, 12 and 
14, and have been provided to facilitate accurate inter- 
polation. 

The ordinate scale, left margin, is labeled 0¢0./020. and 
is indexed as 1:00; 1.10; 1.20; 1.30; 1.40; 1.50; 
1.60; 1.70; 1.80; 1.90 and 2.00. The right margin con- 
sists of a double scale. The inner scale is labeled. K; /K’, 
and is indexed as 0.90; 0.91; 0.92; 0.93; 0.94; 0.95; 
0.96; 0.97; 0.98; 0.99 and 1.00. The outer scale is 
labeled y, and is indexed as 0; 0.10; 0.20; 0.30; 0.40; 
0.50; 0.60; 0.70; 0.80; 0.90 and 1.00. 
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The abscissa scale is labeled n’ and is indexed as 
0.00; 0.10; 0.20; 0.30; 0.40; 0.50; 0.60; 0.70; 0.80; 
0.90 and 1.00. 


ANNULAR SECTION CORRELATION DIAGRAM 


A sample correlation diagram is presented in Fig. 
4. The curves are graphical solutions of Eqs. Shits 
and 14. 

The ordinate scale, left margin, is labeled Go00/ 400 
and is indexed as 1.00; 1.10; 1.20; 1:30; 
1.60; 1.70; 1.80; 1.90 and 2.00. The right margin con- 
sists of a double scale. The inner scale is labeled 
K'/K’ and is indexed as 0.88; 0.89; 0.90; 0.91; 0.92; 

v A 


0.93; 0.94; 0.95; 0.96; 0.97; 0.98; 0.99 and 1.00. The 
outer scale is labeled ys and is indexed as 0; 0.10; 0.20; 
0.30; 0.40; 0.50; 0.60; 0.70; 0.80; 0.90 and 1.00. 

The abscissa scale is labeled n’ and is indexed as 
0.00; 0.10; 0.20; 0.30; 0.40; 0.50; 0.60; 0.70; 0.80; 
0.90 and 1.00. 


APPENDIX B 


PROCEDURES FOR CONSTRUCTING - 
FLOW CURVES 


THe V-G METER CURVE : 

Multiply the dial reading @ at each speed setting by 
(RF) (0.01066), where RF is the range extension fac- 
tor, to obtain 7, values. (Note: RF = 1.0 for the stand- 
ard version of the Model 35 V-G meter.) Record on 
the plotting sheet, Fig. 2, te. on the 600-rpm line, To 
on the 300-rpm line, etc., and construct the best line 
through the points. If the line is significantly concave 
to the 7, axis, the method outlined in the first paper’ 
for computing pressure drop due to Bingham plastic 
flow should be used. 


Tue Flow CURVE 
On the plotting sheet read the intercept K’ from the 


V-G meter curve on the scale where D, is unity. Next, 
determine @n/Ge0. On the pipe correlation diagram, 
Fig. 3, read n’ corresponding to so/B. Next, read 
K’,/K’ corresponding to From K’,/K'’ and K’, find 


kK’. With K, as the base point draw a straight line 


parallel to the V-G meter curve; this displaced line is | 


the pipe flow curve. 


THE ANNULAR SECTION FLOW CURVE 


On the plotting sheet read the intercept K’, from: 


the V-G meter curve on the scale where Dy, is unity. 
Next, determine 4.00/50. On the annular section correla- 
tion diagram, Fig. 4, read n’ corresponding to @e0/Os00. 
Next, read K’ /K’, corresponding to From K',/K’, 
and K’, find K’,. With K’, as the base point draw a 
straight line parallel to the V-G meter curve; this dis- 
placed line is the annular section flow curve. 
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FRICTION Loss 


Step (a) 
Calculate 


Step (b) 
Find 7,, 


IN PIPE 


V = (17.16) = 


lb/ft’, corresponding to D, by inspection 


from the pipe flow curve 


Step (c) 
Calculate 


Step (d) y»R. < 2,000 


= (1.858) 
Ap Tp 


Step (e) ypR. > 2,000 
Refer to Fig. 5; find f corresponding to y,R, on 
the Stanton-Pannell line. 


Step (f) 
Calculate 


FRICTION Loss 
Step (a) 
Calculate 


Step (b) 
Find TAs 


Ap fV'p 
L (0.03872) D 


IN ANNULAR SECTION 


a =D, /D: 
Q 
V = (17.16) 
V 


lb/ft?, corresponding to D, by inspection 


from the annular section flow curve. 


Step (c) 
Calculate 


Step (d) 
yaR. < 2,000 


= (2787) 


L~ (3). Ds — 


Step (¢) ysaR,. > 2,000 


Refer to Fig. 5; find f corresponding to ysR, on 
the Stanton-Pannell line. 


Step 
Calculate 


Ap 
— = (0.03872 )————. - 
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A Correlation of the Electrical Properties of Drilling 
Fluids with Solids Content 


HAROLD L. OVERTON 
JUNIOR MEMBER AIME 
LEONARD B. LIPSON 
MEMBER AIME 


A.B 


An approach to the study of the electrical properties 
of drilling muds, their cakes and their filtrates was made 
by treating the drilling fluid as a porous medium. Dur- 
ing this study it was found that the weight parameter 
was omitted from previous investigations on electrical 
properties. Patnode in 1949 made a similar approach to 
this investigation. His work showed that there was a 
variation of resistivity relationships with per cent fluid 
present in a given suspension. This present study ex- 
tends Patnode’s investigation to one in terms of the sol- 
ids fraction of the drilling fluids. Previous investigations 
were made on low weight muds where the effect of the 
solids fraction was obscured. The following equations 
were fitted to data taken from 94 field muds and 47 
laboratory muds (see Tables 1 and 2). 

The parameter, C, is a complex function of the solids 
content, or mud weight, of a drilling fluid. It was also 
found that 


2.65 


Re 
for all drilling muds examined. A nomograph is pre- 
sented combining Eqs. 1 and 2. 


mf 


RO DUTTON 


It is generally recognized that the materials present 
in drilling muds affect the relationship between mud 
filtrate and mud resistivities. However, most electric log 
interpretations proceed with the assumption that the 
mud resistivity and temperature are the only impor- 
_ tant parameters needed to obtain a filtrate resistivity or 
a mud cake resistivity. 

Lamont’ suggests that only average relationships ex- 
ist between mud cake, mud filtrate and mud resistivities. 
He indicates that there is limited accuracy when these 
intercorrelated factors are used since no other measure- 
able variable is apparent. A previous paper by Patnode* 
indicates that drilling fluids may be considered to be 
a system of fluids in solid particles which may be cor- 
related electrically in a manner similar to rock solids. 
The equation for the resistivity factor. ; 


Original manuscript received in Society of Petroleum Engineers 
Office July 28, 1958. Revised manuscript received Nov. 7, 1958. 
1References given at end of paper. 
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F = (per cent fluid)” 
water 
is satisfied for a given clay type in water, but the value 
of m varies as different materials are used in the water. 
The resistivity factor is not constant for a given amount 
of clay. As is suspected it varies as the solids frac- 
tion conducts electrical current. 


Since both weighting material and clay solids are 
present in commonly used drilling fluids, it is expected 
that both materials contribute to the variation of the m 
factor in Eq. 3. An extension of Patnode’s work is pre- 
sented in this paper to show some of the interrelations 
which exist between the resistivities of mud cake, mud 
filtrate and mud. Use of these data enable a more ac- 
curate calculation of mud filtrate and mud cake resis- 
tivities if only the mud resistivity and weight are meas- 
ured. 


EXPERIMENTAL 


The measurements of mud weight, fluid and solids 
resistivity, alkalinity, and chloride content of mud sam- 
ples were made in this research. Mud samples repre- 
senting drilling fluids from 94 Louisiana and Texas 
wells (Table 1) and 47 laboratory-constructed systems 
(Table 2) were used in the experimentation. The meas- 
urements of the mud properties were made both in the 
field and in the laboratory. 

The tests on the properties of weight, alkalinity and 
chloride ion were standard tests as described by API 
specifications. The resistivity measuring devices were 
constructed in the laboratory for this study. For details 
on the resistivity equipment see Fig. 1. The fluid cell 
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Tbk» r, 1 was calibrated against KCl solutions in 
or sasure the cell constant. This cell and its 
f onstant were used at a standard reference 


of 75°F. The vacuum tube Voltmeter used 
i measurements was calibrated against a 
boratory standard. The mud cake resistivity 


TABLE 1—FIELD MUDS TESTED 


Mud and Rm Rme Rm Mud wt. 
description (ohm-m) (ohm-m) (ohm-m) Ib/gal 
1. High lime .365 3.22 .863 17.1 
2. High lime 278 2.35 .748 16.0 
3. Native mud 619 1.48 747 9.7 
4, Phosphate 1.81 1.80 1.97 10.5 
5. High lime .203 UP: 46 14.5 
6. Phosphate 2.05 2.47 2.75 10.6 
7. High lime 124 .70 .264 1325) 
8. Red mud 1.66 2.00 2.03 10.0 
9. High lime 715, 3.27 1.62 13.4 
10. Surfactant 416 2.61 1.18 16.7 
11. T-6 -695 5.43 1.78 16.0 
12. T-8 .54 4.16 15:5 
13. Phosphate 1.84 1.97; 2.68 9.7 
14. Phosphate 2.16 3.25 2.74 9.8 
15. T-8 76 3.03 1.20 12.8 
16. Sat. salt .041 .316 0834 14.3 
17. Phosphate 4.12 : 3.16 5.08 9.7 
18. Phosphate 1.60 2.61 2.14 9.0 
19. Native mud 4.25 2.95 4,45 9.5 
20. Phosphate 3.70 2.92 4.22 9.7 
21. Native mud 12.30 3.95 13.60 10.2 
22. Native mud 15.60 4.24 13.90 10.0 
23. High lime -252 2.31 -68 16.4 
24. Red mud 2.93 2.41 DOT 10.1 
25. Red mud WA? 1.71 2.21 10.0 
26. Red mud 1.64 1.75 1.92 10.1 
27. Phosphate 3.14 252 3227: 9.9 
28. Red mud 3.63 2.50 3.79 10.0 
29. Red mud 2.49 1.83 2.41 9.8 
30. Red mud 5.94 3.81 6.32 10.0 
31. Shale ban .655 2.57 1.24 10.5 
32. T-8 .60 3.61 1.46 14.0 
33. Low lime, 10% oil 1.36 2.13 1.40 12.8 
34. Low lime, 11% oil .60 2.21 1.05 11.8 
35. T-8 12% oil 547 2.83 1.33 14.0 
36. Red mud 2.29 2-21 2.82 10.3 
37. High lime SIA 1.18 .574 1353 
38. T-8, 10% oil VEEL 3.27 1.46 10.8 
39. Red mud, 20% oil .670 4.59 1.76 18.7 
40. Red mud 1237) 7.80 2.83 18.6 
41. Red mud 1.41 3.13 1.80 11.0 
42. T-8, 16% oil .80 2.63 
43. Shale ban, 6% oil .56 2.26 1.02 12.4 
44, Gypsum 48 2.31 1.03 15.4 
45. T-8 <552 3.27 1.31 13.8 
46. High lime, oil emul. .365 3.23 .863 17.1 
47. High lime, oil emul. .278 16.0 
48. Native mud, w/gel .619 1.57. .747 9.7 
49. Phosphate mud 1.81 1.80 1.97 10.5 
50. Lime & oil -203 1.74 -46 14.5 
51. Phosphate & oil 2.05 2.43 2.75 10.6 
52. Unknown .124 .704 264 1325 
53. Unknown 1.66 1.68 2.03 10.0 
54. High lime, oil emul. .164 1.58 1.30 17.0 
55. T-8 715 1.62 13.4 
56. Calcium surfactant 416 2.61 1.18 16.7 
57. T-8 .695 5.67 1.78 15.9 
58. T-8 Kombreak all clay 54 4.17 1ES? 15.5 
59. Low pH phosphate gel 1.84 1.98 2.68 9.7 
60. Low pH phosphate gel 2.16 2.56 2.74 9.8 
61. T-8, no oil 76 3.03 1.20 12.8 
62. Sat. salt, low pH, 
oil emul. .041 .316 .0834 14.3 
63. ‘Low pH, phosphate, 
oil emul. 4.12 3.16 5.08 9.7 
64. Low pH, oil emul. 1.60 2.61 2.14 9.0 
65. Native mud 4.25 295 4.45 9.5 
66. Low pH, phosphate 3.70 2.92 4.22 9.7 
67. High lime & oil .214 2.28 -618 16.8 
68. Native mud 1223 3.95 13.60 10.2 
69. Native mud 15.6 4.24 13.90 
70. High lime, oil emul. .252 2.31 .68 16.4 
71. Red mud 3.76 3.60 O15 
72. Sapp 2.93 2.41 OF 10.1 
73. Caustic phosphate 1.79 1.71 2.21 10.0 
74. Red & phosphate 1.64 hed 1.92 10.1 
75. Emulsite phosphate 3.14 2.52 3.27 9.9 
76. Red-phosphate 3.63 2.50 3.79 10.0 
77. Red-phosphate 2.49 1.83 2.41 9.8 
78. Red-phosphate 5.94 3.81 6.32 10.0 
79. Shale ban, 
oil, red mud .655 2.57 1.24 10.5 
80. T-8 & red mud .60 3.61 1.46 14.0 
81. Lime & oil 1.36 12.8 
82. Lime & oil .60 2.21 1.05 11.8 
83. T-8 & oil .547 2.83 1.33 14.0 
84. Red mud 2.29 2.82 10.3 
85. Lime & CMC .317 1.18 .574 13.3 
86. T-8, oil, & red mud 777 3.27 1.46 10.8 
87. Oil & high pH red .670 4.59 1.76 18.7 
88. Phosphate & CMC 7.80 2.83 
89. Red mud & phosphate 1.41 3.13 1.80 11.0 
90. Saltwater mud : 37 
91. T-8, oil, & lime .80 2.63 Tats W.2 
92. Shale ban, oil, lime -56 2.26 1.02 12.4 
93. Gypsum red mud 48 2.31 1.03 15.4 
94, T-8 .552 3.27 eh} 13.8 
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was measured with a similar four-electrode cell which 
was placed in the mud cup during an API standard 
filtration test. This cell was open on either end for the 
formation of cake around the electrodes and on top of 
the API filter paper. A differential pressure of 100 psi 
was exerted during the filtration and the temperature 
was held at 75°F. The mud cake was aged in the cell 
for a minimum time of 16 hours. The actual resistivity 
measurement was made after the cell had been removed 
from the filter cup, the excess mud and cake scraped 
free of the cell, and the cell wiped clean. This cell was 
also calibrated against KCl reference solutions period- 
ically. It was found that the mud cake resistivity could 
be duplicated within 5 per cent error between inde- 
pendent filtrations. 


EFFECT OF WEIGHTING MATERIAL ON 
RESISTIVITY 


Since the amount of solids present in any medium 
affects its over-all resistivity, this seemed to be the im- 
portant factor. The solids portion of drilling suspen- 
sions mostly consists of clay colloids and weighting ma- 
terial, usually barium sulfate. The effects of each of 
these two materials are vastly different since the latter 
is not of colloidal size as used in drilling fluids. 


Barium sulfate is a poor conductor of electrical cur- 
rent as compared to clay in suspension or to salt water. 
Therefore, it is easily seen that the resistivity of a clay 
water suspension increases as resistive weighting ma- 
terial is added. Hence, mud weight is an entering 
parameter necessary to calculate the resistivity of a mud 
sample if the mud water resistivity is known. For prac- 
tical calculation only the mud resistivity is known; the 
mud filtrate resistivity is determined for a given weight 
by the following general equation. 


TABLE 2—LAB MUDS TESTED 


Mud and Rmf Rm Mud wt. 
description (ohm-m) (ohm-m) Ib/gal 

1. Red mud 6.81 6.99 8.89 

-978 

503 -631 

4.75 4.05 8.81 

-945 1.03 

-612 

They 3335 9.86 

8. .331 67 9.86 

9. 3 3.93 3535 9.02 
10. -823 -958 9.02 
462 627 9.02 
12. Lime mud 419 1.47 8.90 
317 346 8.90 
14. 270 317 8.90 
153 338 392 8.90 
16. 286 325 8.90 
17. hs : 237 263 8.90 
18. : 396 428 8.90 
19. .311 299 8.90 
20. -260 292 8.90 
.320 369 $.93 
22, -269 8.93 
23) 232 .272 8.93 
24. 348 -383 8.91 
25. 289 339 8.91 
26. 244 278 8.91 
27. 347 427 9.00 
287 .350 9.00 
238 -263 9.00 
173 .203 9.00 
330 -402 9.50 
-307 410 9.50 
.370 431 9.50 
.390 494 9.50 
€ .251 -268 9.50 
-189 .247 9.50 
169 -226 9.50 
152 -200 9.50 
299 .374 9.50 
-241 .331 9.50 
.430 618 10.00 

558 -580 10.00 
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Fic. 2—Mup Resistiviry VartaTion as Mup 
Weicut 1s CHANGED FOR 61 FIELD AND 
Lasoratory Mups. 


Fig. 2 shows the relationship between R,,; and R,, for 
three weight ranges. The individual weights represent 
averages of the weight range. For example, 9.5 1b/gal 
represents weights from 9.0 to 10.0 lb/gal mud weight. 
Note that a fairly consistent slope on this graph is 
maintained for the three weight ranges. For the normal 
range of useage (R,, < 5 ohm-m) these graphs are rep- 
resented by 
This relation is not strictly correct at high resistivities 
since the clay in suspension conducts current somewhat 
and the value of C is not constant. 

For the influence of weight material alone it is inter- 
esting to note the change of the constant, C, for the dif- 
ferent mud weights. Fig. 3 shows this relationship. This 
graph presents a qualitative check on the previous work 
because of the nature of the resistivity factor. At 8.3 
Ib/gal the C factor should be approximately unity, as 
Rn, is equal to R,, for muds of approximately 1-ohm-m 
resistivity. For practical purposes the C factor varies 
inversely with weight up to weights of about 14 Ib/gal. 
This condition holds notwithstanding the fact that muds 
with weights below 10 lb/gal consist mostly of clay and 
water. Muds not in this weight category contain in- 
creasing barium sulfate. Note in Fig. 3 that the C' fac- 
tor is asymptotic with the fraction, 0.35. The reason 
for this is not clear but it is possible that the minimum 
effective porosity is reached at weights of about 15 
lb/gal. The minimum effective porosity indicates the 
minimum fluid (as viewed electrically) which a unit 
amount of the mud contains regardless of the solids 
present. Since the conductivity of the filtrate from a 
unit amount of mud mainly determines the mud con- 
ductivity, the weight material present in a drilling mud 
does not further affect the mud conductivity after the 
minimum porosity is reached. Further investigation is 
being made on this phenomenon. 


EFFECT OF CLAY ON MUD RESISTIVITY 


Fig. 2 indicates that the slope, m, of the graph of 
Rn; Vs Rn is constant. This suggests that R,, is a func- 
tion only of R,, for a given mud weight. This is true 
for practical consideration but not in theory. Actually 
the clay component contributes its own conductive prop- 
erties. The resistivity factor, F, of any porous system 
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allows inspection of the contribution to conductivity by 
clay. It is known that F is not constant in porous rock 
for several reasons: the liquid in the porous system 
is not the only conductor and the electrolyte itself af- 
fects the conductivity of the solids portion of the system. 

Fig. 4 shows that the mud resistivity factor, F,,, is 
also not a constant for a given amount of solids. Note 
that the resistivity factor becomes smaller when the mud 
resistivity exceeds 1 ohm-m. For practical electric log- 
ging work and for conditions where the mud resistivity 
does not exceed 10 ohm-m the mud resistivity factor 
remains approximately constant. However, some native 
muds which have mud resistivities less than filtrate re- 
sistivities are exceptions to this generality. In these cases 
the clay material definitely conducts electrical current. 
A well-dispersed clay and water suspension maintains 
its own conductivity which is not entirely dependent 
upon added electrolytes. 


WEIGHT LESGAL 16 
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SOLIDS FRACTION BY VOLUME , PER CENT 
Fic. 3—VariATION OF C IN THE Equation, 
Rar = C(R,,)*", AS Mup Weicur 1s VARIED. 
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Fic. 6—CuHart ror Determinine R,,, AND 
From R,, AND Mup WEIcHrT. 


THE RELATION OF R,, TO R,. 


For the practical range of resistivities already men- 
tioned, the R,,. is very nearly a function of R,,. When 
the cake resistivity factor, F., is plotted against the mud 
resistivity factor, F,,, the following relation exists. 

This function is not affected by solids as is the func- 
tion, 

since both porous systems contain the same weighting 
material and clay. Obviously, the weight material affects 
the resistivities of both mud and mud cake similarly. 
The average of all experimental data from Fig. 5 yields 
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Hence, the compacted mud cake behaves electrically 
somewhat as its parent suspension. It should be noted 
that Eq. 6 represents data measured at constant tem- 
perature and pressure differential. It is suspected that 
larger differentials across the mud cake affect the po- 
rosity and the resistivity factor of the cake. These pos- 
sibilities are also being investigated. 

Since R,,, is determined by Eq. 1 when R,, and mud 
weight are known, it is possible to construct a nomo- 
graph which solves for Rm; directly. Use of Eq. 5 al- 
lows solution of R». simultaneously. Fig. 6 shows the 
nomograph representative of the resistivity relations as 
API filtration conditions. This nomograph is most ac- 
curate for drilling muds which have weights less than 
14 lb/gal and resistivities more than 0.15 ohm-m. 


CONCLUSIONS 


For the range of drilling mud resistivities from 0.1 to 
10 ohm-m, the mud and filtrate resistivities are related 
as follows. 

RE. — 
The numerical value of C depends primarily upon the 
mud weight. The actual numbers are associated in the 
following manner. 


Mud Weight (lb/gal) G 
10 .847 
11 .708 
12 584 
13 488 
14 .412 
16 .380 


The resistivity factors of mud and mud cake are re- 
lated by 


Fo 


for the range of mud resistivities just listed. 


Fig. 6 is presented for rapid calculation of Rn». and 
R,,, when the mud weights and resistivities are known. 
The nomograph uses the preceding equations and the 
constants noted in Fig. 3. This method presents a more 
accurate calculation of cake and filtrate resistivity data 
than is presently made when the effect of the weight 
fraction is not considered. 
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Profitability of Capital Expenditures for 
Development Drilling and Producing Property Appraisal 


J. J. ARPS 
MEMBER AIME 


ABSTRACT 


_» The appraisal of producing properties and profitability 
analysis of a proposed capital expenditure are based on 
the same principles. In both problems a projection of fu- 
ture cash income is compared to one or more capital ex- 
penditures. Several different methods have been in use 
either to compute a price to obtain a given earning power 
on the-investment or to compute the earning power which 
will result from a given capital éxpenditure. One of these, 
the “Average Annual Rate of Return’ method, computes 
in a simple manner the ratio of the present value of the 
future earnings after amortization to the present value of 
the undepreciated balances of the investment over the 
life of a project. This method, not well known generally, 
appears to have some rather unique advantages in reducing 
the computation work required, eliminating trial-and-error 
solutions, and_providing a more accurate answer when 
applied to oil industry investments subject to the unit-of- 
production basis of amortization. Its derivation is given 
and its versatility demonstrated in the solution of certain 
everyday investment problems. A number of charts, use- 
ful in applying this method to profitability analysis and ap- 
praisal work, are provided. The current trend in the mar- 
ket values of producing properties is shown. 


INTRODUCTION 


Making sound capital expenditure decisions requires an 
objective means of measuring the productivity of indi- 
vidual investment proposals. Since the best measure of the 
economic worth of such proposals is their ability to pro- 
duce profits, it is common practice to grade proposed capi- 
tal expenditures according to their annual earning power 
as a percentage of the outstanding capital. The same prin- 
ciples which govern the determination of the rate of re- 
turn of proposed capital expenditures also apply generally 
to the problem of determining the appraisal value or pur- 
chase price of income-producing oil and gas properties. 

Both problems are of prime importance in the producing 
phase of the oil business, where management is faced daily 
with decisions to drill or not to drill certain development 
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wells, or with the determination of the appraisal value of 
producing propetties. 

The common feature in both problems is that a projec- 
tion of future cash income is compared with a known 
or estimated capital investment to determine its’ earning 
power or annual rate of return. In the case of development 
drilling, the cost of the proposed well can usually be es- 
timated with a fair degree of accuracy and the problem 
consists of finding the rate of return on the invested capital. 
In the case of appraising producing properties, on the 
other hand, the desired rate of return is usually known in 
advance and the problem consists of determining the pur- 
chase price which, for the given income projection, results 
in the required rate of return. 


Certain accounting procedures common to the oil and 
gas producing business make these two problems and their 
solutions somewhat different from corresponding problems 
in other industries, and, in certain ways, simpler. The main 
difference is in the amortization policy which, for oil and 
gas production, is frequently on a unit-of-production basis, 


compared ‘to the amortization on a time basis used in many 


other industries. The purpose of this paper is to discuss 
briefly the various methods currently in use for the meas- 
urement of productivity of invested capital in producing 
properties and, in more detail, the derivation and appli- 
cation of what will be called the “Average Annual Rate of 
Return Method”. This rather interesting and not too well 
known method has some very definite advantages in the 
solution of many problems common to the oil industry. 
For the sake of simplicity, federal income tax considera- 
tions have been disregarded in the examples used, since 
they do not affect the principles involved. The use of the 
production payment route in the sale or purchase of pro- 
ducing properties, which has been amply covered in many 
other publications, has also not been included in this 
analysis. 


METHODS FOR MEASURING THE EARNING 
POWER OF INVESTED CAPITAL 


Of the many different methods used to measure the 
earning power of invested capital, four are applicable to 
oil or gas production ventures. Depending on whether 
these four methods utilize one or two interest rates, and — 
whether a fixed amortization pattern is used, they may be 
classified as follows. 
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|. One interest Two interest 
rate rates 


Discounted Cash Hoskold's Method 


A. No !.xed 
Flow Method 


amortization 
pattern 

B. Fixed amorti- 
zation pattern 


Average Annual 
Rate of Return 
Method 


Accounting Method 


The so-called ““Pay-out Time Method” has not been in- 
cluded in this discussion since it does not provide a meas- 
ure of the over-all earning power of a project’. 


IA DiscoUNTED CASH Frow METHOD 

This method, which is sometimes also referred to as the 
“Tpvestor’s Method” or “Internal Rate of Return Method”, 
has been extensively reviewed recent literature”**”, and 
is quite popular with many major oil companies. It is 
based on the principle that in making an investment outlay 
one is actually buying a series of future annual incomes. 
The rate of return of a proposed venture is then the maxi- 
mum interest rate which one could pay on the capital tied 
up over the life of the investment and still break even. 
The time pattern of the future earnings is given proper 
weight. 

Since no amortization pattern needs to be adopted, this 
method is particularly suited to property evaluation, since 
+t involves only the discounting of the projected cash flow 
to present value by means of the desired rate of interest. 

Profitability analysis with this method is somewhat la- 
borious, since it consists of finding by trial-and-error the 
interest rate which will discount future earnings of a pro- 
ject down to a present value equal to the required invest- 
ment. 

The computed earning power is not necessarily the 
same as the average rate of return later shown on a com- 
pany’s books, since the investment, if made, is often 
amortized on a unit-of-production basis. However, no pro- 
vision for this amortization pattern is made in the Dis- 
counted Cash Flow Method. 

In the example given in Table 1 and Fig. 1, the earning 
power computed by the Discounted Cash Flow Method 
would have been 11.918 per cent per year as compared to 
11.753 per cent with the Average Annual Rate of Return 
Method. 


1B AccouNTING METHOD 

This method, which is sometimes referred to as the 
“Average Book Method”, is closely related to many 
of the concepts used in conventional accounting proce- 
dure and computes the rate of return of a proposed ven- 
ture as the ratio of the average of the net annual profits 


1References given at end of paper. 


over the life of the proposition (after amortization) to the 
average book investment over its life. It takes into account 
the actual amortization pattern. 

If the amortization is on a unit-of-production basis, the 
method may be illustrated with the diagram of Fig. I, 
which for a typical example shows annual net earnings ¢ 
and amortization a above the time axis, while the dimin- 
ishing yearly investment balances, B, are shown below the 
time axis. A more detailed discussion of this chart will be 
given under the Average Annual Rate of Return Method, 
IIB. Basically, the rate of return with this accounting 
method is represented by the ratio of the total of the net 
profits, Se — 2a = E-—C, to the total of the undepre- 
ciated balances, SB. Compared to the other methods the 
accounting method does not give proper weight to the 
time pattern of earnings. Declining and growing earning 
patterns, for instance, are treated alike. 

In the example given in Table 1 and Fig. 1 the earning 
power computed by the Accounting Method would have 
shown 11.730 per cent per year as compared to 11.753 
per cent with the average Annual Rate of Return Method. 


IIA HoskoLp’s METHOD” 

This method, which is still quite popular in mine evalu- 
ations, is particularly suited to ventures which have a lim- 
ited profitable life (such as mines) and where the original 
capital must be returned at the expiration of the venture. 
It presupposes a uniform return at a speculative interest 
rate, r”, on the original capital and provides for redemp- 
tion of capital at abandonment time by annual reinvest- 
ment of the balance of the yearly earnings at a safe rate 
of interest, r. No fixed depreciation pattern is assumed, but 
proper weight is given to the specific time pattern of future 
earnings. Profitability analysis is a straightforward calcu- 
lation by the formula, 


x(Z-1),- 
(: + iw) 
100 
where P is the value of projected net earnings (before de- 
preciation) including compound interest at r per cent per 
year computed at abandonment time, C is initial capital 
investment, and t is the total project life in years. 

This profitability formula applied to the example given 
in Table 1 and Fig. 1 shows a constant speculative return 
of 6.815 per cent per year on the initial capital invest- 
ment, when a safe interest rate of 5 per cent is used, 
as compared to 11.753 per cent on the declining balance 
as computed for the Average Annual Rate of Return 
Method. Property evaluation is also a straightforward cal- 
culation by the formula 


(1) 


TABLE 1—AVERAGE ANNUAL RATE OF RETURN COMPUTATION 


1. Year (tf) 1 2 3 4 5 
2. Production rate bbl/yr 27,194 20,168 14,962 11 4.523 3,362 2,494 ete 
lifting costs @ $2 per bbl $ 54,388 $40,366 $29,924 $22,202 16,4 
4. Mid-year 5 per cent discount factor* 97561 .92915. .84277 $2602. $200 
. Present value future earnings; (4) x (3) $ 53,061 $37,478 $26,480 $18,711 $13,221 $ 9,341 $ 6,586 $ 4,662 $ 3,294 « sos ee nas 
Average annual rate of return on $150,000 investment = (5)(.8758)(200,000 — 150,000) = 11.753 
(1 — .8758)(150,000) 
Aw ; roof of Average Annual Rate of Return Formula 
_ Amortization; (2) X $1.50 $ 40,791 $30,252 $22,443 $16,652 $12,354 
7. Investment at year's end $109,209 $78,957 $56,514 $39,862 $27,508 $ 2,775 $150,000 
8. Average investment during year $129,604 $94,083 $67,736 $48,188 $33,685 $22,926 $14,951 $ 9.038 $ Hey 2 vat 
4 11.753 per cent return on average investment $ 15,223 $11,058 $ 7,961 $ 5,664 $ 3,959 $2,695 $ 1,757 $ 1.062 bp Rl rte 
10. 5 per cent discount factor** .95604 -91059 .86732 .82617 .78703 "74984 71461 6814 
41. Present value of 11.753 per cent return on -62889 (Avg.: .87408) 
average investment; (10) (9) $ 14,563 $10,069 6,905 
12. Present value of net profits after amortization; $ 43,790 
(4) Xx £(3) — (6)] $ 13,265 $ 9,370 $ 6,620 $ 4.678 $ 3,305 $ 2,335 $1,646 $1,165 $ 824 $ 582 $ 43,790 


*(1.025)-1 X 
**(7) 1.05-t + Yo X (6) X 1.025-1 1.051-# 
(7) + Ye X (6) 
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Fig. ]—Dracram ILLusrRATING THE DERIVATION OF THE AVERAGE 
ANNUAL Rate oF RETURN Factor. 


t 


The interesting feature of this method is its concept of 
a safe or bank interest rate, r, which is utilized to build 
up the amortization account to full return of the invested 
capital at the end of the project’s life, while at the same 
time a constant speculative interest rate, 7”, is earned on 
the original capital investment throughout the same period. 


IIB AVERAGE ANNUAL RATE OF RETURN METHOD 

The average rate of return computed by this method 
is essentially the ratio of the present value of the future 
earnings after amortization to the present value of the 
undepreciated balance of the investment over the life of 
the property. The method is particularly suitable for in- 
vestments in oil and gas producing properties, where amor- 
tization of the invested capital is on a unit-of-production 
basis, and offers the following advantages over the methods 
previously discussed under IA, IB, and ITA. 


1. It yields an average annual rate of return which cor-— 


responds more closely to the one later shown by the com- 
pany’s books, since the same amortization pattern is used. 
This is not necessarily the case with Methods IA and IIA. 

2. The time pattern of the earnings is properly weighted. 
This is not the case with Method IB. 

3. Profitability analysis is a straightforward computation; 
no trial-and-error procedure is involved as in Method IA. 

4. Property evaluation is a straightforward computation, 
no trial-and-error procedure is involved as in Method IB. 

The average Annual Rate of Return Method has the 
following disadvantages. 

1. The method loses its simplicity when the amortization 
of the investment is not proportional to the production, 


since the average deferment factor on production will then 


not be the same as the average deferment factor on the 
amortization payments. It is therefore not applicable when 
amortization is strictly on a time basis, unless the produc- 
tion is at a constant rate. 

2. The method cannot be used to calculate the profit- 
ability of an incremental investment. In such a case the 
differences are usually computed between the income pro- 
jection as a result of the added investment and the projec- 
tion without this investment, and the results compared 
with the incremental investment. For this type of work 
the Discounted Cash Flow Method (IA) is better suited.’ 
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The Average Annual Rate of Return Method- and its 
derivation will be discussed with the aid of the diagram 
of Fig. 1, which represents a more-or-less typical exam- 
ple of a producing well which is expected to make 100,- 
000 gross bbl of oil over a period of 10 years. Production 
from this well is declining at a constant percentage of 
25.84 per cent per year. The crude price is $3.20/bbl, 
while the net income per gross bbl after one-eighth roy- 
alty (40 cents), local taxes (5 per cent of $2.80, or 14 
cents), and average operating expenses (66 cents) is as- 
sumed to be constant at $2.00/bbl. It is assumed further 
that the well can be drilled and completed for $150,000. 
The vertical columns in the top portion of the diagram 
of Fig. 1 represent the declining earnings, e, from this 
well over its 10-year life. Time is shown on the horizon- 
tal axis. The amortization of the $150,000 drilling invest- 
ment, C, which is proportional to the number of barrels 
produced and to the production revenue, is shown as the 
horizontally hachured portion, a, of these columns. The 
remaining portion of the operating revenue, represented by 
the blank top portions of the columns, is the net profit 
e—a. 

The columns in the bottom portion of this graph be- 
low the time axis represent the declining balances, B, of 
the $150,000 drilling investment (vertical hachuring), the 
amortization, a, applied during each year (horizontal 


B 
hachuring) and the int pee 
g) interest, 


per year on the outstanding balances (diagonal hachuring). 


at the rate of r per cent 


DERIVATION OF THE GENERAL FORMULA 


The weighted average deferment factor (defined as the 
ratio of the discounted value of the future production in- 
crements to the undiscounted total future production) for 
r per cent interest per year on the production and, there- 
fore, also on the total operating net revenue (E = Xe) will 
be designated as D. Since the amortization is on a unit- 
of-production basis, the same average deferment factor, 
D, applies to the total of these amortization payments 
(C = Xa). 

If the drilling investment, C, had been borrowed from 
a bank it would be obvious that this indebtedness could 
be discharged by returning each year the annual amortiza- 
tion Poe a, to the bank plus an annual interest pay- 


ment of = at the bank’s rate of r per cent on the remain- 
ing balances, B. 

The present value of the combined amortization pay- 
ments, Da, plus the present value of the interest pay- 


is therefore equal to the total original 


rD’ 

100 
investment, C, regardless of the amortization pattern 
used’. 


in which D is the Stes average deferment factor on 
the production of the well, the total earnings and the 
combined amortization payments, while D’ is the weighted 
average deferment factor on the undepreciated balances, 
B, of the investment. Both deferment factors are com- 
puted at the same safe interest rate, r, which in this 
example is assumed to be 5 per cent per year, compounded 
annually. Since = ‘it follows that 
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and the present value of 1 per cent interest on the unde- 
preciated balances iS 

Some 20 years ago the engineering staff of the Shell 

Oil Co. first combined. this expression with the present 
value of net profits after amortization, 

and demonstrated that if the present value of 1 per cent 
interest on the undepreciated balances of the investment 


r 


(5) 


equals , then the present value of the net profits 


after amortization, D (E — C), must be equivalent to an 
earning power or average annual rate of return r’, expressed 
in per cent of the undepreciated balances of the invest- 
ment of: 
(Ee) 7 
r (=D) Cc per cent per year. - - (7) 

This very useful and logical relationship represents the 
equivalent annual rate of return on the undepreciated bal- 
ances of the investment, provided ihe investment is amor- 
tized on a unit-of-production basis. 

The data portrayed on the graph of Fig. 1 are shown 
in tabular form in Table 1. The top portion of this table 
shows the computations normally required to arrive at 
the average annual rate of return from a given investment, 
if the income projection is irregular. If the rate of produc- 
tion or income is constant with time, or if it follows con- 
stant percentage or harmonic decline,* the necessary 
average deferment factor or multiplier may be more 
readily obtained from appropriate tables or charts, such 
as Figs. 2, 3 and 4. 

The bottom portion of Table 1 is not necessary for the 
computation, but is provided to show proof that the pres- 
ent value of the net earnings after amortization of $43,790 
is equal to the present value of the computed average 
annual rate of return of 11.753 per cent on the undepreci- 
ated balances of the investment. 

It may be noted that no trial-and-error calculation is 
necessary, as is the case with the Discounted Cash Flow 
Method. 


FORMULA FOR MULTIPLE INVESTMENT 


When more than one capital investment is to be made 
during the life of a well or a property, the total present 
value of the combined investments is equal to D.C, im 
which D. is the average deferment factor used in dis- 
counting the various capital investments back to the 
initial investment date. In that case Eq. 3 takes the fol- 
lowing form. 


rD’ 


and 
rD’ 
so that 
rD(E — C) 
—Dye percentperyear. .-. - (10) 


FORMULA FOR SPECULATIVE RATE OF RETURN 


Since the average annual rate of return, 7’, represents 
the total equivalent return on the undepreciated balances, 
it is sometimes customary, particularly when capital for 
the venture is borrowed at the safe interest rate, r, to 
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1000 


= 4 1= (1.05) 
N= 0 = 20.49593 


EXAMPLE: 

A WELL, COSTING $100,000 (C) IS EXPECTED 
TO PRODUCE EARNINGS OF $200,000 {E) 
A 10 YEAR PERIOD (t) AT A CONSTANT RATE 
oF $20,000 PER YEAR 

AVERAGE ANNUAL RATE OF RETURN: 
= 19.0 ') = 19.0 % PER YEAR 


= 
\ 
19 | 
|__| 


N 

f 

| 

| 

| 
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CONSTANT RATE PRODUCTION 


| 
| 
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AVERAGE ANNUAL RATE OF RETURN MULTIPLIER (N) FOR 
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i 
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Fig, 2--AVERAGE ANNUAL RATE OF Return (VV) FOR 
Constant Rate Propuction (7 = 5 Per Cent Per YEAR). 


separate this bank interest from the total earning power 
and show only the speculative portion of the return, 
? — r, thus modifying Eq. 7 to 
=Dyc DC cent per year, 


(11) 


and Eq. 10 to 
r(DE —C) 
(DE 
This speculative interest portion is shown cross-hachured 
in Fig. 1. 


per cent per year. . (12) 


GENERAL APPRAISAL FORMULA 


The usefulness of the general expression of Eq. 7 may 
be further demonstrated by converting it to an appraisal 
formula for determining the price, C, to be paid for a 
given well or property when a certain total rate of return 
of r’ per cent per year is desired on the outstanding 
balances of the capital during the life of the well. 


DE 


If, for instance, a purchase of a well or a producing prop- 
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A WELL,COSTING $100,000 (Cc) IS 
> XPECTED TO PRODUCE EARNINGS OF 
< 200,000 (E) WITH CONSTANT PER- 
CENTAGE OECLINE (4) OF 3% PER 
MONTH THE RATIO OF THE INITIAL 
PRODUCTION RATE (q,.) TO THE 
PRODUCTION RATE (q¢) AT THE 
ECONOMIC LIMIT #10 
AVERAGE ANNUAL RATE OF RETURN: 
10 100 
INITIAL PRODUCTION RATE 
RATIO BRODUCTION RATE 
Fic. 3--AveERAGE ANNUAL Rate Or ReTuRN (VV) ror 
Constant Percenrack Dectine (r= 5 Per Cent Per YEAR). 


erty like the one in the example of Fig. 1 and Table 1 is 
contemplated, and if it is desired to make an average 
annual rate of return, r’, of 15 per cent per year on this 
purchase, one could afford to pay, according to Eq. 13, 


-(.8758) (200,000) 


C= = $140,300. 


APPRAISAL FORMULA FOR OIL LAND 
REQUIRING ADDITIONAL INVESTMENT 


When the property to be purchased requires the making 
of an additional investment, C’, such as would be the case 
at a land sale involving proved undeveloped acreage, the 
‘price to be offered for the land would be 


DE 


i) 


For instance, if a tract of land were up for bidding 
‘from which production earnings could be expected, as 
shown in Table 1, and where it could be estimated that 
development costs of $50,000 would be necessary, the 
maximum bid for an average annual rate of return, ae 
of 20 per cent per year, according to Eq. 14, would be 


5,000. = 877,600. 


#8758). (4— 1) 
EQUIVALENT WORKING AND OVER-RIDING 
ROYALTY INTERESTS 


Another frequently encountered problem which can be 
readily solved with the foregoing formulas may be illus- 
trated by the following example. 
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IN WHICH SOLUTIONS OF ARE OBTAINED FROM 
TABLES FOR ELLIPTICAL INTEGRALS. Zz 
EXAMPLE: 
A WELL,COSTING $100,000 (C) IS EXPECTED TO 
PRODUCE $200,000 (E) WITH HARMONIC DECLINE. 
INITIAL DECLINE RATE (4,)1S 10% PER MONTH. 
THE RATIO OF INITIAL PRODUCTION RATE (q,) 
TO THE PRODUCTION RATE (q,) AT THE ECONOMIC 
LIMIT IS 10 
AVERAGE ANNUAL RATE OF RETURN: 
($1) = =1)= 418% PER YEAR, 
99,000 
10 
Ratio INITIAL PRODUCTION RATE (gq) 
“FINAL PRODUCTION RATE (q,) 
Fic. 4—Averack ANNUAL Rate oF Rerurs (V) FoR 
Harmonic Decuine (r = 5 Per Cent Per Year). 


An operator is preparing to drill a well, which may be 
expected to produce earnings as shown in Table 1 and 
which will cost $100,000. He has a partner who owns one- 
half of the working interest and who does not have the 
cash available to pay for his one-half of the $100,000 well 
cost. This partner therefore wants to exchange his one-half 
working interest for an over-riding royalty. Future net 
earnings to the one-half working interest are estimated at 
(.5) ($200,000 — $100,000), or $50,000, while a 1 per 
cent over-ride will return, after local taxes of 5 per cent 
(.01) (100,000) (3.20 — .16), or $3,040. The partner 
may therefore ask for an over-riding royalty of 50,000 — 
3,040 or 16.55 per cent. This computation is not correct, 
however, since the over-riding royalty owner does not put 
up any of the investment and does not share the risk of 
drilling and operating. A more equitable solution is for the 
operator to first evaluate, by means of Eq. 14, the value 
of the one-half working interest on the basis of a reason- 
able rate of return including a consideration of the risks 
involved, of, say, 15 per cent per year. Thus, 

(.5) (.8758) (100,000 x $2) 

The appraisal value of a 1 per cent over-riding royalty 

is then determined on the same basis as follows, 


(.01) (.8758) (100,000) (3.20 — .16) 
(3 = 1) 

The proper equivalent over-riding royalty on this basis 
is, therefore, $20,150 — $2,133 = 9.45 per cent. 


= $50,000 = $20,150. 


= $2,133. 


SAL 


CHARTS FOR AVERAGE ANNUAL RATE 
OF RETURN MULTIPLIER (N) 
Since the Rate-of-Return formula of Eq. 7 involves the 


D 
multiplier function, N = i = D? it has been found con- 


venient to prepare special charts showing the value of this 
function, N, for a base interest rate, 7, of 5 per cent per 
year for the following cases: (1) production at constant 
rate for a given number of years, ¢ (Fig. 2); (2) produc- 
tion with constant percentage decline“ (percentage drop 
in production rate per unit of time constant) for a given 
ratio between initial and final rates, q./q. and given 
monthly decline, d (Fig. 3); and (3) production with 
harmonic decline“ (percentage drop in production rate 
per unit of time proportional to the production rate) for 
a given ratio between initial and final rates, q./de, and a 
given initial monthly decline, d, (Fig. 4). 

For each of these cases the formula for computation 
of the multiplier values, N, is given on the chart. Finding 
the average annual rate of return, 7’, by means of these 
charts for a given set of conditions consists simply of 
multiplying the ratio of future earnings and investment 
minus one (E/C — 1) with the multiplier value, N, from 
the chart. The use of each chart is illustrated with a 
numerical example. 


CHARTS FOR APPRAISAL VALUE MULTIPLIER (M) 
Since the appraisal formulas of Eqs. 13 and 14 involve 


D 
the multiplier function, M = — 


r 
r r 


found convenient to prepare special charts showing the 
value of this function, M, for a base interest rate r of 5 
per cent per year, and for the desired rate of return, 7’, 
which naturally varies between companies and also depends 


-t 
M= p= 20.495934 


EXAMPLE: 


AN OIL WELL 1S EXPECTED TO PROOUCE EARNINGS 
OF $200,000 (E) OVER A iO YEAR PERIOD (t) AT 
A CONSTANT RATE OF $20,000 PER YEAR. 


it has been 


co} 


APPRAISAL VALUE (C) WHICH WILL YIELD AN 
AVERAGE ANNUAL RATE OF RETURN (r') OF 20% 
PER YEAR ON THE OUTSTANDING INVESTMENTS: a 


\ C=MxE= 487 x $200,000 = $97,400 


| 


CONSTANT RATE_ PRODUCTION 


2 


APPRAISAL VALUE MULTIPLIER (mM) FOR 


12 20 04 26 32 36 4 4 60 


YEARS 


Fic. 5—AppraisaL VALUE MULTIPLIER (M)- vor Constant Rate 
Propuction (r= 5 Per Cent Per Year). 
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on the degree of risk involved. Multiplier charts for the 
following cases are shown in this paper; similar ones may 
be easily prepared for different rates of return, r’. 

1. Production at constant rate for a given number of 
years, t; separate curves are provided for a rate of return, 
r’, of 5, 10, 15, 20 and 25 per cent (Fig. 

2. Production with constant percentage decline for a 
given ratio between initial and final rates, q./de, 4 given 
monthly decline, d, and a desired rate of return, 7’, of 
20 per cent per year (Fig. 6). 

3. Production with harmonic decline for a given ratio 
between initial and final rates, q./q., @ given initial monthly 
decline, d,, and a desired rate of return, 7’, of 20 per cent 
per year (Fig. 7). 

For each of these cases the formula for computation 
of the multiplier values, M, is given on the chart. Finding 
the appraisal value, C, by means of these charts for a 
given set of conditions consists of simply multiplying the 
expected total future earnings, E, with the multiplier value, 
M, from the proper chart. The use of each chart is illus- 
trated with a numerical example. 


CURRENT TRENDS IN MARKET VALUE 
OF PRODUCING PROPERTIES 


Fig. 8 shows on the lower horizontal axis the average 
5 per cent deferment factor, D, for a given income pro- 
jection, while the vertical axis represents the values of the 
corresponding appraisal value multipliers, M. This multi- 
plier represents the fraction of undeferred future net earn- 
ings which can be paid to realize a predetermined average 
annual rate of return, r’, on the invested capital. Curves 
are shown, based on the relationship: 
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APPRAISAL . VALUE 


100 
RATIO INITIAL PRODUCTION RATE (qo) 
FINAL PRODUCTION RATE 


a, 
wHen o=——4 x hy 103° 


EXAMPLE: 
AN OIL WELL IS EXPECTED TO PRODUCE EARNINGS OF $200,000 
(E) WITH CONSTANT PERCENTAGE DECLINE (4) OF 3% PER MONTH. 
THE RATIO OF THE INITIAL PRODUCTION RATE (a) TO THE PRO- 
DUCTION RATE (ge) AT THE ECONOMIC LIMIT=10 
APPRAISAL VALUE (Cc) WHICH WILL YIELD AN AVERAGE ANNUAL 


RATE OF RETURN (e) OF 20% PER YEAR ON THE OUTSTANDING 
INVESTMENTS: 


C=M x E =.705 x $200,000 = $141,000 


6—AppraisaAL (M) ror Constant PeEr- 
CENTAGE DECLINE (r = 5 Per Cent Per YEAR; 7’ = 20 
Per Cent Per YEAR). 
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. APPRAISAL VALUE 


Hi 


if 


10 
INITIAL PRODUCTION RATE (a,) 
FINAL PROOUCTION RATE (a,) 


RATIO 


1245 
D (1.05) 
Ma when D 
20/5 =0 (2075-1) “In 


IN WHICH SOLUTIONS or [- 5 ARE OBTAINEO FROM TABLES FOR 
EXAMPLE > ELLIPTICAL INTEGRALS 


AN OIL WELL IS EXPECTEO TO PROOUCE EARNINGS OF $ 200,000 e) 
WITH HARMONIC DECLINE. INITIAL DECLINE RATE (do) 1S 10% per moam. 
THE RATIO OF INITIAL PRODUCTION RATE (q,)TO THE FINAL PRODUCTION 
RATE (« AT THE ECONOMIC LIMIT IS 10. 

APPRAISAL vavue (c) WHICH WILL YIELD AN AVERAGE ANNUAL RATE OF 
RETURN (+) OF 20% PER YEAR ON THE OUTSTANDING INVESTMENTS : 


= $ 200,000 = $135,400 


Fic. 7—Appraisat (M) ror Harmonic 
DecLine (r = 5 Per Cent Per Year: 7’ = 20 
Per Cent Per YEAR). 
for different rates of return, r’. On the upper horizontal axis 
the equivalent number of years of constant rate produc- 
tion is plotted for comparison, which would have the same 
average 5 per cent deferment factors shown on the lower 


horizontal scale. 


On this network of curves, each of which corresponds _ 
to a given average annual rate of return, 7’, are plotted — 


some 34 points representing actual property transactions 
during recent years, and for which the multiplier, M, and 
the 5 per cent deferment factor were known. 

Also shown on this chart in graphical form are some 
of the formulas for the value of producing properties which 
have been proposed or mentioned in the postwar literature. 

1.The formula proposed by the 1951 subcommittee of 
the Committee on Valuation of Securities of the NAIC’: 
_“The value of the oil, gas and condensate in the ground 
securing the loan, as determined by the said independent 
licensed petroleum engineer, shall be one-half of the pres- 
ent worth of future net revenues (before depreciation and 
federal taxes), which have been discounted to the pres- 
ent worth at the yield of the loan, based on cost price. 
compounded at least annually over the expected period of 
realization from the reserves... 

“The allowable value for statement purposes of the 
total unpaid oil and gas production loan, shall not in any 
event exceed in amount the resulting value arrived at in 
the preceding paragraph.” 

This definition apparently refers to the maximum allow- 
able loan value rather than market or appraisal value. 
Curve 2, showing this relationship in Fig. 8, is based on 
- an assumed loan yield of 5 per cent per year. 

2. DeGolyer Formula A”: “I am familiar with cases in 
which the seller and buyer have arrived at a trading figure 
which was approximately one-half of the future net revenue 
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(before depreciation and federal taxes), discounted at 4 
per cent.” 

3. Terry-Hill formula”: “Annual net cash revenues 
(after federal taxes) are discounted, in this case at 8 
per cent, compounded annually, to arrive at the total 
present worth of future net receipts, here considered to 
approximate the value of the property .... There is noth- 
ing sacred about the 8 per cent factor used in this case as 
the rate of discount, but it appears to the authors to re- 
sult in a reasonable estimate of the fair market value for 
this type of property as indicated by sales of similar 
properties.” 

Curve 3 is based on an assumed federal income tax rate 
of 30 per cent of net revenue, based on the example given 
in the paper. 

4. Gruy’s Formula”: “Two-thirds of future net cash earn- 
ings, before depreciation and federal taxes, discounted at 
5 per cent.” 

Although this formula was probably in use before Gruy’s 
talk in 1952, no earlier published reference is known to 
the author. 

5. DeGolyer Formula B”: “It is rather surprising more 
often than not the latter method (i.e. one-half of a 4 per 
cent discounted value; see Formula A) is very close to the 
future net revenue (before depreciation and federal taxes) 
discounted at 101% per cent per year.” 

6. Fagin’s “Fair Market Value Yardstick’”: ‘Which 
empirically, relates the fair market value as a percentage of 
undeferred future net income (before depreciation and 
federal taxes) to the average discount factor at 5 per cent 
interest, shown by the projection in the engineer’s report.” 

7. BA-CANGOC formula: “Three-fourths of the future 

net cash earnings before depreciation and federal taxes, 
discounted at 6 per cent.” 
. This formula was used in 1956 by the Evaluation Com- 
mittee in appraising U. S. producing properties for the pur- 
pose of evaluating relative assets of The British-American 
Oil Co., Ltd., and the former Canadian Gulf Oil Corp. 
as a preliminary to the merger of the latter company with 
the first. The 34 ratio was based on an assumed average 
federal income tax rate of 25 per cent. 

The purpose of showing data on actual transactions and 
various appraisal formulas in use is not to recommend any 
single formula as the only valid one but merely to show 
the general pattern in such values and the trends in cur- 
rent thinking. 

It should further be stressed that the basis of the projec- 
tion of future earnings is a reliable estimate of underground 
reserves and such an estimate should therefore always be 
made by a well qualified professional petroleum engineer, 
who has had long-time experience with the area involved. 

An interesting point is that very few property trans- 
actions have taken place when the remaining life was 
short and the corresponding deferment factor high 
(above .85). One reason might be that possible prices for 
such properties are approaching the future undiscounted 
revenue and the prospective buyer would lose most of his 
“cushion” which protects him against uncertainties in the 
reserve estimates and projections. Another reason is that 
the owner of such properties is quite close to realizing the 
income himself, and, except for tax reasons, is therefore 
under less pressure to sell. 

Due to the “leverage” afforded by the production pay- 
ment route of purchasing properties the actual rate of re- 
turn on the equity capital is usually substantially higher 
than indicated for the deal as a whole. 

The data of Fig. 8 demonstrate that in the range where 
most properties are traded, and considering the entire 
transaction, an average annual rate of return before federal 
taxes, of somewhere between 7 and 20 per cent per year iS 
not out of line. Also, among the various formulas discussed 
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il 
"HE 


those illustrated by Curves 4, 
5, 6 and 7 seem to be the 


. . 
most realistic. 
In judging the relative po- 
sitions of the data in Fig. 8 it ie 


should be pointed out that 
most of the long-life deals on 
the left side are in the East 
Texas field, where the risk of 
errors in reserve estimating is 
relatively small and where the 
greatest benefits will be ob- 
tained from any long-term in- 
flationary trends. This prob- 
ably explains why the indi- 
cated average annual rate of 
return for such deals is under 
7 per cent per year. 


CONCLUSION 


The average annual rate of 
‘return method discussed in 
this paper provides an accu- 
tate and versatile tool in prof- 
itability analysis and appraisal 
work. 


NOMENCLATURE 
a = amortization of the 


investment C on a 
unit-of-production 
basis, dollars per 
year. 


~¢——_ EQUIVALENT YEARS OF CONSTANT RATE PRODUCTION 


100 


60 50 


(3) 
(4) 
8 (5) 
(6) 


50% OF 5% DISCOUNTED VALUE 

(2) 50% OF 4% DISCOUNTED VALUE 

70% OF 8% DISCOUNTED VALUE 

66 %s% OF 5% DISCOUNTED VALUE 
100% OF 10'%2% DISCOUNTED VALUE 
EMPIRICAL MARKET VALUE YARDSTICK 
(7) 75% OF 6% DISCOUNTED VALUE 

© ACTUAL PROPERTY TRANSACTION 


APPRAISAL VALUE 


AVERAGE 
RATE OF 


ANNUAL 
RETURN A 


APPRAISAL VALUE MULTIPLIER (M) = 
FUTURE NET CASH REVENUE UNDEFERRED 


3 5 
AVERAGE DEFERMENT FACTOR, D, (5%) 


1.0 


B = undepreciated bal- i 
thestnvest: Fic. 8—AppraisaL VaLuE (M) as A FUNCTION OF THE WEIGHTED AVERAGE 5 PER 
Centr DEFERMENT Factor (D) FoR DIFFERENT VALUES OF AVERAGE ANNUAL Rate oF RETURN (77) 
ment at a given ANp ITs RELATIONSHIP ‘to ACTUAL Property TRANSACTIONS AND APPRAISAL FORMULAS. 
time, dollars 
C= original investment or appraisal value, dollars q. = final production rate at economic limit, bbl/ 
C’ = additional capital investment after purchase, dol- month 
Jars) : t = total project life in years in the case of the Hos- 
a= production decline, per cent per month kold method; in other applications number of 
d, = initial production decline, per cent per month years 
(for harmonic decline) X = “dummy fraction” for evaluation of elliptical 
D = weighted average deferment factor on production integra! 
and earnings at interest rate r X,, X, = limits of same 
D’ = weighted average deferment factor on the unde-- 
preciated balances of the investment at interest 
REFERENCES 
D, = weighted average deferment factor on the capit l 1. Glanville, J. W.: Jour. Pet, Tech. (June, 1957) IX, No. 6, 12. 
an eee Ase ecapie 2. Hill, H. G.: “A New Method of Computing Rate of Return 
DS: : on Capital Expenditures”, Report to Philadelphia Chapter of 
e = net earnings from production after royalty, local Natl. Soc. for Business Budgeting (Aug., 1953). 
taxes and operating expenses, dollars per year (June, 1956) VIII, No. 6, 11. 
E= combined net earnin 5 5 . Dean, J.: Harvar usiness Review (Feb., 1955) 120. 
Pale eo ea fa from production after roy 5. Dean, J.: Capital Budgeting, Columbia Univ. Press (1951). 
ally, ocal taxes and operating expemses over the 6. Hoskold, H. D.: The Engineers Valuing Assistant, Longmans 
life of a well or property, undeferred, dollars Green & Co. (1877). 
M = multiplier for determining appraisal value (C = 7. Parks, R. D.: Examination and Valuation of Mineral Prop- 
ME). ( erty, Addison-Wesley Press, Inc. (1949) Chap. 12; 13. 
Ai pe 8. Thuesen, H. G.: Engineering Economy, Prentice-Hall (1950). 
= average annual rate of return multiplier for de- 9. Report and Proposals with Respect to the Principles of Valu- 
termining ”P = N (E/C — 1) per cent per year ation of the Committee on Valuation of Securities .of the Na- 
= value of the projected net earnings from produc- (Oil and Gas 
tion at abandonment time (before depreciation), 10. DeGolyer, E. L.: “Kyaluation”, presentation to the Oil and 
including compound ‘interest at r per cent per Gas Institute, Southwestern Legal Foundation, Dallas (March 
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y= safe rate of interest, per cent per year ; ae - Ey and Hill, K. E.: Jour. Pet. Tech. (July. 1953) 
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Producing Wells on Casing Flow — An Analysis of 
Flowing Pressure Gradients 


P. B. BAXENDELL 
MEMBER AIME 
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(Published as T.P. 8027, Page 202) 


DISCUSSION 


FRED H. POETTMANN 
MEMBER AIME 


P. B. Baxendell is to be complimented for an excel- 
lent piece of work. To our knowledge there has been 
no previous publication of field data on the flow of oil 
and gas through the annulus of a well. It is certainly 
-gfatifying to see this work on annular flow confirm the 
previous published correlation procedure on tubing flow. 
It extends considerably the range under which reliable 
gas-lift calculations can be made. 


Baxendell discussed this work with us about a year 
ago and was kind enough to send a large scale plot of 
his correlation. We had been designing gas-lift installa- 
tions on flow through the annulus, assuming that the 
original correlation of the f factor based on tubing flow’ 
was valid as long as we stayed within the same mass 


velocity range on which the correlation was based. Do- — 


ing this work necessitated the use of an equivalent diam- 
eter for the annular flow. The equivalent diameter is 
defined as 

4 (= of stream cross ee) 


wetted perimeter 


and for the case of an annulus is D, — D.. Substituting 
this in the basic equation correlating energy loss along 
with the area to flow required to convert the velocity, v, 
- to volumetric flow rate, D’® (Baxendell’s Eq. 7) becomes 


FLOW THROUGH ANNULUS 


10 
7.413 x 10!dW 


f= 


100 


_ 14737 x10% MQ 


Frc. 1—CorreLation or Data on Firow THroucu ANNULI. 


VOL. 213, 1958 


THE OHIO OIL CO. 
LITTLETON, COLO. 


(D, — D,)* X (D, + D.)’*. This is equivalent to Baxen- 
dell’s expression, (D,’ — D., where D, is (D, = 
D,). Similarly, the D in 1.4737 X 10° (MQ/D) be- 
comes (D, + D,) for annular flow. 

On receipt of Baxendell’s data, we, of course, recal- 
culated it to put it into the form we were using, and to 
see how well it agreed with the correlation based on 
tubing flow. Fig. 1 shows the results, which were cer- 
tainly gratifying. For low values of (D, — D.) pv, the 
data coincide with the data on flow through tubing, 
whereas at high values the data on flow through the 
annuli appear to be leveling off to a constant value. 
For very high rates of flow where the turbulence is very 
high, one might expect the value f to level out and be- 
come constant. 

A bulletin published in 1914 by the U. of Wisconsin 
presented results of a large number of laboratory tests 
in air lifting water through short lengths of 1.25-in. tub- 
ing’. It was possible to correlate a random sampling of 


dh 


ay, 


7.413 10° awe 


quills 


AIR-WATER FLOW THRU ONE INCH GLASS TUBING 19.32-42.08 FT, LONG 
AIR-WATER RATIOS: 5-0 CUBIC FEET AIR PER BARREL OF WATER 
WATER RATES UP TO 675 BARREL PER 'DAY al 


OOO) 


1.4737 x10°MQ 


Fic. 2—CorreLATION oF U. or Wisconsin Data on Arr Lit. 


QM , MILLIONS OF POUNDS / DAY 


a 
4P/dh, 


Fic. 3—Ca‘cuLATION OF PRESSURE TRAVERSES FOR FLOw IN 
ANNULUS. “TRING SIZE 2.5-IN. NOMINAL (6.5 LB/FT, 2.441-1N. 
ID, ?°75-1n. OD) ; Casince Size 7.0-1n. NOMINAL 
(26 6.276-1n. ID). 


the data ising the same correlating procedure, Fig. 2. 
For low 1 ales of Dvp, the f factor curve lay to the left 


of the curve for flowing oil and gas-lift wells. At high 
values it crosses over and appears to want to level out as 
was the case from Baxendell’s data. 

The correlation technique certainly is subject to ad- 
ditional improvement so that all the data, such as the 
multiphase annular flow, air-water flow, etc., all fall on 
the same correlating curve. It is our belief that the f 
factor has been properly defined and that the improve- 
ment will come by defining properly the abscissa of the 
f factor plot. We are aware of work now under way 
which gives evidence of doing this. 

Using Baxendell’s data, pressure gradient charts of 
the type shown in Fig. 3 were prepared. These charts 
are used in the design of the gas-lift installations when 
the flow is through the annulus. 
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Development and Field Testing of a Core Barrel for 
Recovering Unconsolidated Oil Sands 


JUNIOR MEMBER AIME 


ABST 


The rubber-sleeve core barrel was 
developed to improve core recovery 
from unconsolidated sands, where it 
is most difficult to obtain cores with 
conventional barrels. The use of a 
rubber-sleeve core retainer, together 
with other departures from usual de- 
sign, has required a_ considerable 
amount of testing to prove its op- 
erability. Tests run in shallow ex- 
perimental holes and in drilling wells 
in the U. S. and Venezuela have, to 
a large extent, proved the operation 
of the barrel. Internal mechanism 
troubles, such as sandbinding of the 
sleeve, have been largely overcome. 
Cores have been recovered from 
completely unconsolidated sands 
where conventional coring has al- 
most been abandoned because of 
poor recovery. In addition to retain- 
ing the core until brought to the sur- 
face, the barrel gives a “packaged-as- 
cut” core, which is convenient for 
handling and transportation. In the 

_initial work, drag blade cutters, roller 
cutters, and tungsten carbide insert 
cutters were used for cutting uncon- 
solidated sands. 

Further bit head development is 
presently being conducted using dia- 
mond heads in unconsolidated sands 
where shales, hard sands, and lime- 
stones are encountered in adjacent 
formations. This work should render 
the barrel capable of cutting and re- 
covering most types of formations, 
possibly including broken and frac- 
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tured formations. This development 
is being carried on in cooperation 
with a diamond bit manufacturer. 


INTRODUCTION 


For many years the oil industry 
has needed greater recovery of cores 
from unconsolidated formations. 
Conventional equipment has been 
used to core unconsolidated sands 
with little success. Specifically, a 
core barrel was needed which would 
recover unconsolidated sands in a 
condition that would give useful 
reservoir information. 


DEVELOPMENT OF THE 
RUBBER-SLEEVE CORE 
BARREL 


BASIC REQUIREMENTS OF 
UNCONSOLIDATED SAND CORING 


The basic need was defined as a 
core barrel that would obtain a con- 
tinuous unconsolidated core with 
sand grains in place as deposited in 
‘the formation. A preliminary survey 
of coring equipment and search of 
the literature pointed out the weak- 
nesses of conventional core barrels. 
Laboratory tests using unconsolidated 
sand in a metal tube simulated actual 
sand movement into the core barrel 
during conventional coring. In con- 
ventional barrels the core sometimes 
crumbles and bridges, or fails under 
compressive column action, becomes 
oversize, and wedges against the 
walls of the inner barrel. 

The core barrel requirements 
established by the surveys and pre- 
liminary tests are as follows. 

1. The core should be held to- 
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gether as it is cut so it cannot 
crumble and bridge against the walls 


~~ of the coring tool, care being taken 


not to permit damage from fluid cir- 
culation. 

2. The core should be continuous- 
ly supported as it is cut so it will not 
have to support itself in compression. 

3. The core should be packaged 
in the barrel to retain an undisturbed 
condition during the trip out of the 
well. 


The packaging should be such that 
the core can be removed from the 
barrel and shipped to the core ana- 
lysis laboratory without physical dis- 
turbance or alteration of fluid con- 
tent by exposure to the atmosphere. 


OPERATION OF THE RUBBER-SLEEVE 
CORE BARREL 


The rubber-sleeve core barrel (Fig. 
1) meets the basic requirements for 
the recovery of unconsolidated sands. 


_-— HANDLING SUB (A) 
HYDRAULIC WEIGHT NOZZLES (8) 


—~ UPPER WORKING BARREL (C) 


NON-ROTATING BARREL (J) 
— RUBBER SLEEVE (1) 
MIDDLE BARREL (K) 


4 


BIT (E) 


NY Bir PORTS (L) 


N 
N 
N 
Nf 
Nt 
Ni 
NW 
N 
Ni 
N 


— CORE (G) 


Fic. 1—Scuematic Drawine oF RUBBER- 
SLEEVE Core BARREL. 
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The principal working parts of the 
rubber-sleeve core barrel are shown 
by the schematic drawing in Fig. 1. 
The barrel, which operates on the 
bottom of a conventional drill string 
the same as conventional drilling 
equipment, is attached to the drill 
string by the handling sub (A). The 
hydraulic nozzles (B) are the source 
of weight for cutting the core. The 
pressure drop across the nozzles is 
controlled by the flow rate of the mud 
pumps at the surface. The drill string 
and upper working barrel (C) do 
not advance during the coring opera- 
tion. The spline drive (D) and 
lower half of the core barrel advance 
into the borehole as the core is cut 
by the bit (E). The upper barrel 
rotates the lower barrel through the 
driving lugs (F) in a spline drive. 

As the bit advances into the for- 
mation, cutting the core (G), the 
rod (H), which is attached to the 
upper barrel, remains stationary, sup- 
porting the upper end of the rubber 
sleeve. Advance of the lower end 
of the non-rotating barrel (J) forces 
the rubber sleeve to shrink over the 
walls of the core. The rubber sleeve 
is smaller in diameter than the core 
and therefore forms a tightly 
stretched skin to hold the contents 
of the core in place. Longitudinal 
fabric cords in the rubber sleeve 
keep it from stretching lengthwise. 
The rubber sleeve is preloaded on 
the non-rotating barrel (J) at the 
well surface and is pulled off the 
inner barrel as the core enters. Since 
the rubber sleeve is positively dis- 
placed into the non-rotating barrel 
as coring progresses, the core that iS 
being cut is never in compression 
from the core above it. This prevents 
compressive column failure of the 
core. The squeeze of the rubber 
sleeve on the core precludes the use 


Fic, 2--Diamonp Bir Heaps Usep 1n Cortne Tests. From to Ricut are Bits 1, 2, anp 3. 


of mechanical spring core catchers 
and offers a smooth entrance to the 
core. The non-rotating barrel and 
the rod are swiveled to eliminate 
torque on the core. The middle bar- 
rel (K) protects the rubber sleeve 
and the core from the drilling mud 
as the mud passes to the bit head 
ports (L). A suitable J-slot release 
mechanism unlocks the spline drive 
when hole bottom is reached and 
the drill pipe is rotated. A change in 
weight indicator reading signals full 
advance of the barrel. 


DEVELOPMENT TESTING 


FIVE AND TEN-FOOT 
CORE BARRELS 


Progressive testing of early designs 
for development purposes was con- 
ducted with a 5-ft rubber-sleeve core 
barrel in shallow Arkansas River 
sands at-depths between 20 and 80 
ft, near Sand Springs, Okla. This 
coring in completely unconsolidated 
sands using air, water and bentonite 
mud as drilling fluids, was to deter- 
mine the operating characteristics of 
the functional parts of the barrel. 
The operation of the barrel proved 
to be independent of the type of 
fluid used if there was sufficient fluid 
to remove the cuttings. This phase 
of testing was continued until the 
barrel functioned satisfactorily in re- 
covering full-length cores of the un- 
consolidated formation. It was appar- 
ent after this testing that the coring 
program should be extended to deep 
wells to properly test the rubber 
sleeve and bit head. Determination 
of performance in unconsolidated 
sands at greater overburden pressures 
and under deep-well hydraulic con- 
ditions was considered essential to 
proper evaluation. 


The barrel was tested in Cali- 


fornia, Alabama, and Louisiana in 
fields where unconsolidated sands are 
encountered. This deep-well testing 
revealed problems of sanding of the 
spline drive, bearings, packing and 
rubber-sleeve packaging system. After 
continued testing in these areas, Te- 
visions to the barrel eliminated these 
problems. Bit head design problems 
also became apparent during this 
phase of testing. The bit head cutting 
face contour and nozzle arrange 
ment must be such that the circula- 
tion fluid cleans the bit but does 
not wash away the unconsolidated 
sand, Also, the bit must be capable 
of penetrating any hard formations 
and gummy shales that are adjacent 
to the unconsolidated formations. 
Progressive changes in tungsten-car- 
bide-tipped cutter heads were made 
until a final field test, in a 3,200-{t 
well in Alabama resulted in an aver- 
age of 95 per cent recovery from six 
cores cut in unconsolidated sand and 
shale. 

The need for recovery improve- 
ments in certain poorly consolidated 
oil sands in Venezuelan producing 
zones prompted the building of two 
barrels capable of cutting 10-ft cores. 
These barrels incorporated improve- 
ments based on experience gained 
with the 5-ft barrel. A check run of 
one of these barrels resulted in an 
average recovery of 63 per cent at 
depths from 1,500 to 4,200 ft in a 
Southern Louisiana well. The forma- 
tion varied from unconsolidated sand 
to shales. Drag blade, roller, and 
tungsten-carbide-tipped cutters were 
tried. Following this, two barrels 
were shipped to Venezuela and tests 
were conducted in which 89 ber cent 
of the formation penetrated (un- 
consolidated oil sand and shale) was 
recovered for analysis. However, 


this testing and a later test pointed 
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out the desirability of having a bit 
head that will penetrate hard or 
gummy formations intermingled with 
soft sands. Such formations pre- 
sented particular difficulty in pene- 
tration and retention of cores be- 
cause of their tendency to ball-up 
and clog bit face water courses. This 
impeded circulation and retarded ad- 
vance of the core head. 


DIAMOND BIT DEVELOPMENT 


Work is presently being conducted 
on further bit head development. 
Several diamond heads have been 
‘fabricated and tested to determine 
their operability. Some of these are 
illustrated in Fig. 2. After prelim- 
inary near-surface testing at Sand 
Springs, Okla., these bits were run 
in a deep-well test in Bayou Choc- 
taw, La. Unconsolidated oil sands, 
shales, lignites, and hard sands were 
encountered in this well. Further 
coring is planned to compare the 
- performance of the rubber-sleeve 
barrel with conventional practice in 
these formations. The results of these 
tests are tabulated in Table 1. It is 
apparent from test results that the 
bits illustrated in Fig. 2 are operable 


designs. Further improvements in bit _ 


design now in progress are expected 
to result in a bit head whose re- 
covery performance in unconsoli- 
dated oil sands, hard rock, and 
friable or gummy shale formations 
should be even more acceptable. Ad- 
ditional coring experiments are being 
conducted, and it is contemplated 
that the barrel will soon be available 
to industry. 
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TABLE 1—FIELD TESTS OF THE 10-FOOT CORE BARREL, BAYOU CHOCTAW, LA. 


Bit 


i Formation Core Core Diamond 
Test Weight Penetration Recovery Recovery Head of 
No. (Ib) Type Formation Depth* (ft) (ft-in.) (Per cent) Fig. 2 

1 4,000 Unconsolidated Sand 1,580 10 9-2 90 1 
2 5,000-7,000 Unconsolidated Sand 
and Shale 1,590 10 4 40 Not shown 
3 5,000-7,000 Unconsolidated Sand 3,245 10 0 0 Not shown 
4 5,000-7,000 Unconselidated Sand 3,255 10 (0) 0 
5 7,000-5,000 Unconsolidated Sand 
and Shale 3,685 10 9-8 97 1 
6 7 ,000-5,000 Unconsolidated and 
Consolidated Sand 3,695 10 3 30 Not shown 
7 4,000 Unconsolidated Sand 3,705 10 9-9 98 2 
8 4,000 Unconsolidated Sand 
and Shale 3,715 10 9-6 95 1 
9 4,000 Unconsolidated Sand 3,725 10 10 100 2 
10 3,000-5,000 Unconsolidated Sand 
and Lignite 3,735 10 9-7 96 3 
11 3,000-5,000 Hard Oil Sand 
and Lime 4,027 4** 4 100 3 
12 6,000-7 ,000 Hard Oil Sand 
and Lime 4,035 6 4 66 1 


Circulation Fluid—Bentonite Mud; Circulation Rates 150 to 225 gpm 


Bit Rotation 50-70 rpm 
*Top of Core 


**Coring was stopped at 4-ft penetration because of a tool joint washout in the drill pipe above the 


core barrel 


OTHER POSSIBLE 
APPLICATIONS 


Reduced core contamination is a 
prospect for this barrel, inasmuch 
as the rubber sleeve encases a core 
shortly after it passes the bit head. 

Also promising is the utility of 
the barrel in recovering broken for- 
mations that tend to bridge in con- 
ventional barrels. 


CONCLUSIONS 


The following conclusions can be 
drawn from the results of the experi- 
mental work. 

1. The rubber-sleeve core barrel 
is sound in principle and applicable 
in practice for the recovery of un- 
consolidated oil sands. 

2. Present bit head development 
should render the barrel capable of 
cutting and recovering unconsoli- 


dated oil sands in areas where gummy 
shales and hard sands are encount- 
ered adjacent to the unconsolidated 
sands. 

3. Some potential for adapting 
the operating principle of this barrel 
to other than unconsolidated sand 
coring may exist. 
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A Copper Ion Displacement Test for 
Sereening Corrosion Inhibitors 


WILLIAM B. HUGHES 


A method for the selection of the most suitable cor- 
rosion inhibitor for a particular system is given. The 
method involves the evaluation of surface passivity by 
means of copper ion displacement after the metal sur- 
face has been subjected to the corrosive atmosphere. The 
application of the method to the selection of suitable 
inhibitors for use in producing wells is described. 

Correlation with recognized laboratory tests has been 
found to be good within the limitations of the test. 

The use of the test to evaluate inhibitor persistence 
is described. 


INTRODUCTION 


Corrosion as it is associated with the industry shows 
wide variations in its qualitative as well as its quanti- 
tative aspects. This complicates the work of the corro- 
sion engineer. 

In the past few years the efforts of the corrosion 
engineer have been further taxed by the large numbers 
of products being marketed as corrosion inhibitors by 
various manufacturers. These products are submitted 
to him together with a limited amount of data to sup- 
port their use as inhibitors. The data are usually 
authentic and reliable yet all too often when these 

‘ products are applied to an actual corrosive system the 
results are disappointing due to the ineffectiveness of the 
inhibitor and the corrosive system. 


The corrosion engineer must select a comparatively 
limited number of inhibitors for field trial from the 
large number available. The selection is usually made 
on the basis of a standardized laboratory test such as 
that adopted by the National Association of Corrosion 
Engineers or by field experience in an area; however, 
testing of this type is discouraging on large numbers of 
compounds, particularly in view of the specificity of 
environment. 


It has been an object of this work to devise a method 
which will allow the corrosion engineer to select the 
best inhibitor for a specific environment under field 
conditions. The test would of necessity be rapid and 
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inexpensive. It would preferably eliminate the need 
for expensive and delicate instruments. 


STATEMENT OF THEORY 


The test as developed makes use of the fact that 
metal ions will be displaced from solution by metals 
having a more positive electrode potential. Thus, if an 
active iron surface is exposed to a solution of a copper 
salt, free copper will plate spontaneously on the iron 
surface as it is displaced from the salt solution by 
iron ions. 


If the iron surface is passified, as by coating with an 
insulating-type organic corrosion inhibitor, it is no 
longer capable of displacing the copper ions due to its 
own limited ionization. The result will be a change in 
the amount of copper plated upon exposure to a neutral 
copper salt solution. 

In practice it has been found possible to measure 
the magnitude of the alteration of the cell potential 
by determining the copper deposited on a standard iron 
surface under controlled conditions. This means that, 
as the film builds up, the resulting shift in the electrode 
potential tends to cause the iron surface to act more 
like a noble metal, resulting in a reduction in the cell 
potential to a point that copper will no longer plate 
spontaneously. 

Obviously, the salts of other metals such as silver, 
gold or platinum might be used for this operation; how- 
ever, copper was selected because of the color differ- 
ence of the plate, the comparatively low cosi of copper 
salts and the ease of evaluation of the plated copper. 
Furthermore, its high cell potential provides a substan- 
tial driving energy. 

The determination of the copper is readily done 
colorimetrically by dissolving it in 5 per cent ammonium 
hydroxide solution containing 2 per cent potassium per- 
sulfate. The blue color of the copper ammonic complex 
ion so developed may be compared with standards pre- 
pared by dissolving known quantities of copper powder 
in the same reagent. 


In routine screening it is seldom desirable to deter- 
mine the amount of copper plated. It is usually more 


important to determine the concentration of inhibitor 
required to prevent the plating of copper. 
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DESCRIPTION OF THE TEST 


The test is run by immersing 1-in. square, sand- 
blasted coupons prepared from 0.006-in. thick shim 
stock in brine from the corrosive source for five min- 
utes. The coupons are then transferred without drying to 
a solution of a known concentration of the inhibitor in 
the oil from the corrosive source, where they are allowed 
to remain for an additional five minutes. The coupons 
are then transferred to a 10 per cent solution of copper 
sulfate where they are allowed to remain for 30 sec- 
onds. Blank determinations are made in the same man- 
ner but omitting the inhibitor. The lowest concentration 
of inhibitor required to prevent the plating of copper 
is taken as the criterion for a pass. 


In application, the fluids from a naturally occurring 


corrosive source are used, together with a group of 
known corrosion inhibitors, since this method is de- 
signed to select only from known inhibitors. It is not 
intended to replace other evaluation tests. The method 
presupposes that a film forming corrosion inhibitor is 
available. No consideration is given to a chemical hav- 
ing a limited film life such as a primary amine. These 
materials will look good under some circumstances in 
this test, but they will show short film life so they will 
actually be poor inhibitors. Conversely, a compound 
which acts strictly by cationic activity (such as quater- 
nary ammonium salts) rather than through an adsorp- 
tion mechanism will show a poor result on the test, 
although in practice such materials may be good in- 
hibitors. 

_It-is evident that the method is designed as a quali- 
tative evaluation. Any quantitative aspects must be 
considered on an empirical basis. Several factors such 
as time and temperature will need to be considered 
in such a study. 


The test as it is run will preclude the necessity for 
wetting studies on the spot. By treating the water-wet 
metal the factor of oil wetting is adequately considered. 
It may be desirable to study wetting along with this 
method. This may be done by drying the coupon after 


exposure to the brine and prior to treatment by the 


inhibited oil. 
EVALUATION OF THE METHOD 


In an evaluation of the test method on producing 
wells, several of these were selected where field experi- 
ence with recognized corrosion inhibitors was avail- 
able. The test was applied to the freshly produced 
fluids at the wellhead. Table 1 shows the effectiveness 
of the inhibitors as rated by the test method and in 
_ relation to extended field experience. 

In practice the quantitative aspects of this method are 


TABLE 1 
Pool or Field Inhibitor Min. Pass Conc. ppm 
Rhodessa. A 600 + 
eel B 600 + 
Cc 350 + 
D 200 
Field Data: Inhibitor D proved the best of these inhibitors. 
C failed . 
d E 300 
Greenwoo 
B 400 + 
Field Data: Inhibitor E is the best of these in this location. 
H ill D 300 
aynesville 4 
Field Data: A competitive test run here shows D superior to F. 
Jacksonb J 1,600 + 
acksonboro 


Field Data: Inhibitor F has been found superior to J in this 
location. 
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questionable since the inhibitor has a much longer 
contact time in the field, and, thus, a longer time to 
reach the equilibrium state. 

These tests showed a correlation between field results 
on a group of known corrosion inhibitors. The next 
step was to select a chemical which was less obvious as 
an inhibitor and which had not been tried in an actual 
producing well and which did not conform to the 
popular conception of a corrosion inhibiting structure. 

The well selected for this study was near Greggton, 
Tex. Samples of the fluids from this well were shipped 
to the laboratory for evaluation. A new type of corro- 
sion inhibitor was selected for this application. It was 
found to give no copper plating at 100 ppm, while the 
commercial inhibitor being used in this well required 
300 ppm to pass. A field trial showed the selected com- 
pound to be somewhat better than the commercial in- 
hibitor with iron content of the produced fluids being 
reduced from an average of 124.2 to 97.9 ppm. The 
significance of this work lies primarily in the fact that 
a small amount of well fluid was shipped to the labora- 
tory and a chemical was selected on the basis of this 
sample. The chemical structure used in this test was 
significantly different from that of the commercial 
corrosion inhibitors used in this area. 


The application of this method to fluids shipped to the 
laboratory is to be recommended only with some reser- 
vation. It may lead to errors in selection due to the 
changes which occur in well fluids with time. These 
changes are not fully understood, but they have been 
long recognized in connection with other work on well 
fluids. 


A more extensive test was run in a well at Cotton 
Valley, La. Again the inhibitor was selected on the 
basis of samples of fluid shipped to the laboratory. In 
this case a well known commercial inhibitor was being 
used with success in this well. An experimental formu- 
lation, differing considerably in structure from the com- 
mercial inhibitor, was selected for comparison with the 
commercial compound. Both passed the copper test at 
200 ppm, indicating that they should be comparable in 
field use. A sample of this experimental compound was 
then tried in the well. Table 2 shows the results of this 
in terms of coupon losses and iron analyses. 

Although the test is of short duration, little change 
in the protection afforded the system is indicated, show- 
ing the validity of the evaluation by the copper ion test. 


Application of the test has also been made to deter- 
mine the corrosive potential of a waterflood well. In 
this case the produced water was. being mixed with 
fresh water before injection. The optimum ratio of 
produced to fresh water was determined. Using an 
inhibitor and water from a Louisiana waterflood injec- 
tion well it was determined that a 50-50 mixture of 
fresh water to produced water was more corrosive than 
a 70-30 ratio. The first mixture required 600 ppm of 
an inhibitor to pass while at the 70-30 ratio only 350 


TABLE 2 
Amt. (gal) 

Date Compound per test period MPY Iron (ppm) 
11/29 to 12/13 Commercial 35 0.97 24 
12/13 to 12/27 Commercial 35 0.59 64 
12/27 to 1/10 Commercial 31.5 ; 0.30 94 
Average 33.8 0.45 60.7 
1/10 to 1/24 Experimental 35 1.39 27 
1/24 to 2/27 Experimental 24.5 0.46 25 
2/7 to 2/21 Experimental 35 0.93 38 
2/21 to 3/7 Experimental 35 121Oee 9 
3/7 to 3/21 Experimental 28 0.62 24 
3/21 to 4/4 Experimental 35 1.05 8 
Average 32.9 0.82 21.8 

351 


ppm of this compound was required for a pass. Iron 
analysis at the injection well confirmed that the 50-50 
mixture was indeed more corrosive. Further, the use 
of the inhibitor in the 70-30 mixture reduced the pene- 
tration from 3.44 to 0.72 MPY in three weeks. 


CORRELATION WITH STATIC WEIGHT 
LOSS TESTS 


Of considerable interest is the application of this 
test to laboratory procedures. It has been found to 
correlate quite closely with static weight-loss tests and 
with such standard tests as the ASTM Steam Turbine 
Oil (spindle) test. It has been found to be adaptable to 
a more Critical evaluation of the factors contributing 
to the process of corrosion and to the inhibitor function. 

Several static weight-loss tests have been correlated 
with the copper ion displacement test. Among the com- 
monly used tests is the one which has been adopted by 
the National Association of Corrosion Engineers’ as a 
standard screening test. The results in Table 3 show 
a correlation of the copper ion displacement test with 
this test. 

The test has been found also to correlate quite well 
with the ASTM Spindle test.’ Table 4 shows the results 
of this correlation in which several compounds have 
been compared directly. Again, the criterion for passing 
the copper ion test is the concentration in parts per 
million required to completely inhibit the plating of 
copper. 


Still another rather close correlation has been found 
in evaluating inhibitors for tanker corrosion. This test 
has been described by Malcolmson, et al.’ It involves 
subjecting the coupon to a sea water-hydrocarbon system 
for one week followed by a sea water-air system for 
an additional week. Table 5 shows the results of a 
typical test series. Again the amount of inhibitor re- 


quired to inhibit copper is reported in parts per million. . 


Although the above tests show correlation in a gen- 
eral way, the most valuable use of the test in the labora- 
tory lies in defining the response of inhibitors to certain 
variables in the corrosion process. For example, such 
things as pH response, salinity effects or temperature 
response can be rapidly determined. The results will 
need to be confirmed by weight-loss tests, but fewer 
compounds will need to be handled in such tests. 

The test is also useful in the determination of the 
influence of various» factors over the persistence of a 
corrosion inhibitor. This technique is slightly different 


TABLE 3 
Copper lon Test-ppm re- Per cent Protection 


NACE test 


Inhibitor quired to inhibit copper 
A 100 87 
B 100 92 
200 78 
D 400 64 
E 600 48 
F 1,000 16 
G 1,500 8 
TABLE 4 
Copper lon test ASTM Spindle test 
Inhibitor ppm to pass observed rust rating 
A 50 R1 
B 100 R3 
Cc 200 R4 
D 200 R5 
E 1,600 R7 


TABLE 5 
Copper ion test Cycle test 
Inhibitor ppm to pass Per cent protection 
A 100 91.0 
B 100 86.1 
Cc 200 522 
D 500 33.6 
E 500 35.7 
F 800 29.8 


in that a film of inhibitor must first be placed on the 
coupon by evaporation of a solvent from a known con- 
centration of inhibitor. This evaporated film is then 
studied by the copper ion displacement test to deter- 
mine the persistence of its insulating properties under 
pre-determined conditions. A typical experiment would 
involve the evaporation of an alcoholic solution of 
inhibitor on the surface of a group of coupons. The 
coupons would then be subjected to brine from a Corro- 
sive source at a mild agitation rate. Coupons would be 
removed and placed in copper salt solution at intervals 
to determine the time at which complete protection is 
no longer possible and the time at which no protection 
is found. Such measurements can be made under a 
variety of conditions to study the influence of various 
factors on persistence. 


CONCLUSTON 


From the data presented it is concluded that the 
copper ion displacement test is a useful tool for screen- 
ing inhibitors for both laboratory and field. 


REFERENCES 


1. Reported at the Ninth Annual NACE Conference, Chicago, 
March, 1953. 
ATSM D-665-54. 
. Reported at the Annual Meeting of the Society of Naval 
Architects and Marine Engineers, New York, Nov., 1952. 


wn 


PETROLEUM TRANSACTIONS, AIME 


| 
352 


T.N. 2001 


A Report on the Displacement Log 


INTRODUCTION AND HISTORY 


Campbell and Martin’ described a 
new exploratory logging tool which 
was developed as the result of a new 
concept of the phenomenon that takes 
place when a porous formation con- 
taining mobile hydrocarbons and irre- 
ducible interstitial water is invaded 
by mud filtrate. They postulate that 
invasion will create a bank of inter- 
stitial water between the flushed zone 
and the undisturbed formation. This 
postulate was confirmed by Wyllie.’ 


Thus, if R,.; is greater than R,, and 
mobile hydrocarbons are present, the 
resistivity profile with increasing radii 
from the borehole is high:low:high, 
as shown in Fig. 1. If mobile hydro- 
carbons are absent, the bank of inter- 
stitial water is indistinguishable from 
the undisturbed formation and the 
resistivity profile, when R,,, is greater 
than R,,, is high:low, as shown in 
Fig. 2. The zone containing the bank 
of interstitial water and residual oil 
was named the “low zone”. 


Campbell and Martin conducted 
extensive electrolytic wedge and re- 
sistivity analog model studies to se- 
lect a logging system that would re- 
flect the presence or absence of the 
low zone. The system they selected 
was that of a family of lateral curves. 
~ The model studies indicated that the 
presence of a low zone could be de- 
tected in approximately 60 to 70 per 
cent of the producing sand reservoirs 
with a family of lateral curves pro- 
vided that the sonde effectively occu- 
pies 90 per cent of the diameter of 


Manuscript received in Society of Petro- 
leum Engineers office on July 15, 1957 . Paper 
presented at 82nd Annual Fall Meeting of 
Society of Petroleum Engineers in Dallas, 
Tex., Oct. 6-9, 1957. 

*Presently associated with Welex, Inc., as 
president of Welex de Venezuela, C. A. 
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the hole. These studies were con- 
ducted with D, = 5d. The presence 
or absence of the low zone is best 
determined by a plot of the apparent 
resistivity vs spacing as shown in 
Figs. 3 and 4. A dip or inflection in 
the profile that repeats at successive 
depth intervals is considered diagnos- 
tic. To reduce the shunting effect of 
the hole and mud, a sonde of insulat- 
ing material that is surrounded by a 
series of flexible rubber bumpers was 
designed. The bumper efficiency is 
considered to be the ratio of the 
bumper diameter to the hole diam- 
eter. Field tests conducted by Camp- 
bell and Martin on 10 wells with a 
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tool that provided for station read- 
ings indicated that dips or inflections 
could be detected in 19 out of 25 
known producing zones. 


INSTRUMENT DEVELOPMENT 


Halliburton developed a logging 
system to simultaneously and con- 
tinuously record eight lateral curves. 
The instrumentation is described in 
the literature.* The original logs made 
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with this instrument used spacings of 
10, 16, 22, 28, 36, 44, 54, and 60 
in. A typical record made on conven- 
tional depth scales is shown in:Fig. 3 
Typical profiles in an oil sand are 
shown in Fig. 6. Notice that only 
the longer spacing shows the pres- 
ence of the high resistivity presum- 
ably associated with the virgin for- 
mation. Several such logs indicated 
the need for a longer spacing and 
a better distribution of spacing. The 
bumper section was redesigned to 
provide spacings of 16, 24, 32, 40, 
48, 56, 64, and 72 in., and the 
bumper section extended to 30 in. 
beyond the electrodes associated with 
the longest spacing. 


INTERPRETATION TECHNIQUE 


It is necessary to resolve the log 
into profile form to determine the 
presence or absence of a dip or inflec- 
tion. In effect, this is plotting the 
departure curve at each point. A me- 
chanical reader was developed for 
this purpose. This expedites the op- 
eration but it is still time consuming 
and laborious. Conventional log 
scales are too compressed for this 
operation so a scale of 1 in. of log 
equals 4 ft of hole was used in most 
of the records. Fig. 7 shows a typical 
log and the profiles plotted from that 
log. Profiles were normally plotted at 
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each foot of the porous sections as 
indicated by the self potential or a 
contact log. 


An experienced log analyst can be- 
come very proficient in the use and 
understanding of the profile log ex- 
cept when interbedding of contrast- 
ing lithology occurs. When such in- 
terbedding occurs over a short depth 
interval the profiles are difficult to 
rationalize. The profile log, however, 
does not replace either the conven- 
tional log or the contact log, and a 
contact-caliper log is almost essential 
to an understanding of the profiles. 


FIELD TESTS 


The latest tool design has been 
used to survey 18 wells in Oklahoma 
and Texas. In 11 of these wells there 
are 21 known productive zones. The 
profiles indicate the presence of the 
low zone in 13 of these zones for a 
success ratio of 62 per cent. The indi- 
cations have been graded as six “good 
dips”, one “fair dip”, four “poor 
dips”, and two “inflections”. A good 
dip is illustrated in the logs and pro- 
files shown in Figs. 8 and 9. 

This zone was tested as a direct re- 
sult of the profile log and produced 
62. bbl of oil with no water in a 24- 
hour test. The displacement log can 
be considered uniquely diagnostic in 
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this well since the true resistivity is 
of the order of 1 ohm-m and conven- 
tional log interpretation is far from 
definitive in these low resistivity 
zones. The dip is approximately 14 
per cent in magnitude. One other low 
resistivity oil producing zone gave a 
similar deflection. It is also pertinent 
to observe that the presence of the 
low zone is indicated in only 7 ft out 
of a total of 24 productive ft. Since 
these 7 ft are at the top of the bed 
and there is little change in the ap- 
parent resistivities in the lower 17 ft, 
it might be suspected that the low 
zone was originally created through- 
out the 24 ft and has disappeared in 
the lower section with time. 

In those zones where the profiles 
are considered diagnostic, the ratio of 
the diagnostic profile footage to the 
total productive footage is 25.“ per 
cent. These statistics, however, are 
heavily weighted by one Gulf Coast 
well. If this well is excluded, the zone 
success ratio is 71 per cent and the 
ratio of diagnostic footage to produc- 
tive footage is 32 per cent. 


In one zone in one well a good dip 
was obtained on several profiles that 
led to a test through perforations 
that produced 100 per cent salt water. 
No explanation has been forthcoming. 


A review of all data indicates that 
the success ratio might be improved 
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by an increased density of spacings 
and more efficient bumpers. If only 
the zones where the bumpers occupy 
86 per cent or more of the diameter 
of the hole are considered, the zone 
Success ratio becomes 67 per cent 
and the anomaly footage becomes 36 
per cent. An automatic recording of 
the profiles would be highly desirable. 
To achieve more efficient bumpers 
appears difficult. Bumpers were used 
on 37 wells in Oklahoma and Texas. 
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On 12 wells, or 32 per cent, it proved ~ 


impossible to reach bottom. The 
average bumper efficiency to bit size 
in these wells was 85 per cent. 


CONCLUSIONS 


1. There is definite evidence that 
the low zone is often present and log 
interpretation data need be supplied 
to account for the effect on all re- 
sistivity logging tools. 


2. The ability to detect the iow 
zone may be uniquely diagnostic in 
low resistivity producing reservoirs. 

3. In some formations the low 
zone may be dynamic and dissipate 
with time. 

4. The system of detection used 
is able to clearly delineate the pres- 
ence of the low zone in a disappoint- 
ing percentage of the total productive 
feet. 


5. The bumpers, which are essen- 
tial to the system, present serious op- 
erational problems in their present 
form. Mechanically controlled vari- 
able diameter bumpers might solve 
this problem. 


The information obtained in these 
surveys indicates that the basic con- 
cept of the low zone should be 
utilized in logging techniques. Ideally, 
the influence of the hole should be 
electrically removed. The possibili- 
ties of three or more properly focused 
resistivity curves is obvious and un- 
doubtedly will be pursued. However, 
these systems involve formidable 
problems and mechanically con- 
trolled variable diameter bumpers 
together with a greater density of 
curves might yield acceptable results. 
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esistance Network for Studying 


Mobility Ratio Effects 


INTRODUCTION 


Since 1950, several papers have 
been published which have described 
various methods for studying mobil- 
ity ratio effects. The methods which 
have been described for studying 
mobility ratio effects include X-ray 
shadowgraph techniques, stepwise 
potentiometric model procedures, 
stepwise numerical procedures, gela- 
tin model studies and fluid mapper 
model The pur- 
pose of this paper is to describe a 
procedure for using a resistance net- 
work for studying mobility effects. 


DESCRIPTION OF APPARATUS 


The basic unit of the experimental 
model consisted of a network of 840 
resistors fastened to a sheet of black 
Lucite which was mounted on a 
wooden frame, Fig. 1. The dimen- 
sions of the Lucite sheet were 36 
36 in. The resistors were fastened to 
the Lucite sheet at mesh points by 
means of snaps. The mesh points 
were arranged in a square pattern, 
30 x 30 in., spaced at intervals of 
1% in. 

The snap fasteners’ permitted sev- 
eral resistors to be “stacked” in 
parallel. By adding additional resis- 
tors to the basic unit, the specific 
resistance on each side of the flood 
front could be varied. 


The square network of resistors 
represented one of four symmetrical 
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elements of a five-spot well pattern. 
The current input was analogous to 
ah injection well and the current out- 
put was analogous to a production 
well.’ 

The power supply was essentially 
a full wave transformer-rectifier sys- 
tem for converting alternating-cur- 
rent into direct-current. The DC 
voltage could be varied from 41.43 
to 290 v in steps of 41.43 v by 
selecting the proper outlet jacks. The 


OKLAHOMA STATE UNIVERSITY 
STILLWATER, OKLA. 
CONTINENTAL OIL CO. 
PONCA CITY, OKLA. 


major components of the power sup- 
ply were: a Triro power transformer, 
R 11-A; a dual SY3 vacuum tube; 
two gas filled OD-3 tubes; and a 
Triplett voltmeter, model 227-1, 
range 0 to 500 DC v. 

The voltages at the mesh points 
were determined with a Keithley 
electrometer, model 210, No. 185, 
manufactured by Keithley Instru- 
ments, Cleveland, Ohio. 

A Heathkit vacuum tube volt- 


Fic. 1—EXxpeRIMENTAL APPARATUS. 


PETROLEUM TRANSACTIONS, AIME 


= 


meter, model V-6, manufactured by 
the Heath Co., Benton Harbor, Mich., 
was used to measure the total resist- 
ance of the network. 


EXPERIMENTAL. PROCEDURE 


The effect of mobility ratio on a 
five-spot steady-state, fluid injection 
operation was determined by advanc- 
ing the “flood front” on the electrical 
resistance network from an initially 
assumed position and shape, to 
“breakthrough” in five or six incre- 
ments. For this study mobility ratio, 
M, was assumed to be the ratio of 
the conductivity behind the flood 
front to the conductivity ahead of the 
flood front. The flood front was ad- 
vanced in increments by the follow- 
ing approximate method.’” 

1. An initial radial flood front was 
assumed and the potential distribu- 
tion was determined by measuring 
the voltage drop between the current 


’ input and each mesh point in the 


resistance network with a vacuum 
tube voltmeter. 

2. The equipotential lines were 
drawn and streamlines were plotted 
orthogonally to the equipotential 
lines. The direction of a streamline 
at a mesh point can also be deter- 
mined by measuring the voltage drops 
across any two perpendicular resis- 
tors from the point and taking the 
vector sum of the two voltage drops. 
After much experimenting, it was be- 
lieved that drawing of orthogonal 
lines to the equipotential lines was 
sufficiently accurate for the mobility 
ratio study. 

3. The potential distribution was 
assumed to remain constant while 
the flood front was advanced to a 
new position corresponding to some 
increment of time, At, by the use 
of the relationship,’ 


(AS)? 
AP. 
where AS is the distance between 


At = 


~two equipressure lines measured along 


a streamline, AP is the potential dif- 
ference between two equipotential 
lines, and At is relative time. 


4. After the flood front had been 
advanced, the resistances in the net- 
work were changed to correspond 
to the new flood front and the poten- 
tial distribution was again determined. 


5. The entire stepwise process was 
repeated until breakthrough. 


The area swept-out by the flood 
was determined by planimetering: 
The total resistance of the network 
was determined either by direct meas- 
urements with an ohmmeter or by 
measurements of voltage drops across 
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the network and across a known 
resistance in series with the net- 
work. 

The resistance networks were as- 
sembled with one and two megohm 
resistors. Mobility ratios of 1/6, %, 
14, 1, 2, 4, and 6 were studied. 


RESULTS AND DISCUSSION 


The upper values in Fig. 2 are 
the boundary values for a five-spot 
flood pattern which were determined 
with the resistance network. The 
lower values in Fig. 2 are the results 
of potentiometric studies.” The dif- 
ferences between the two sets of 
values become increasingly larger as 
the mesh points approach the wells. 
Potentials vary logarithmically with 
distance for short distances from 
wellbores (sinks or sources) ac- 
counts for the variations between 
potential values measured with the 
resistance network and those ob- 
tained with an electrolytic model. 
Finer meshes in the resistance net- 
work near the wells would have 
given more accurate values of poten- 
tials. 


100 


L 
| 


~ 
~ 


\ 
Fic. 4—InTrERFACE Positions rorM=1/6. 


4 


T 


~ 


The interface positions of flood 
fronts for mobility ratios of 1/6 and 
6 are given respectively in Figs. 3 
and 4. The figures indicate that the 
areal sweep efficiencies increase as 
the mobility ratio decreases. 

The areal sweep efficiency at 
breakthrough is plotted against mo- 
bility ratio in Fig. 5. The solid line 
represents the results of this study; 
the dashed line was taken from 
Craig, et. al.°, and is the result of 
X-ray shadowgraph studies; the 
dashed line with dots was taken from 
Aronofsky, et. al.’, and is the result 
of potentiometric studies. The value 
of 71 per cent for the mobility ratio 
of one compares favorably with the 
value obtained analytically by Mus- 
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kat? At the lower end of the curve 
the values for areal sweep efficiency 
as determined with the resistance 
network were higher than those de- 
termined by X-ray shadowgraph 
studies and at the upper end of the 
curve the results were just the op- 
posite.. Between mobility ratios of 
1/6 and 6 the areal sweep efficien- 
cies determined by this method dif- 
fer by 1 or 2 per cent from those 
obtained by potentiometric methods. 

The flow equation for both elec- 
trical and fluid flow can be written 
in the form, 


_ Driving Force 


= I 
Reale Resistance 
or 


where Q is the flow rate, P is the 
driving force or pressure, R is the 
resistance, and K is a proportionality 
constant. If the equation for the 
initial condition is divided into Eq. 
2 the following results are obtained. 

3) 
where the subscript i indicates initial 
conditions. 

If the injection pressure during a 
flood remains constant, Eq. 3 be- 
comes, 

Eq. 4 indicates that the ratio of the 
flow rate at any time to the initial 
flow rate is equal to the initial resis- 
tance of the flood network to the 
resistance at any time. 

Fig. 6 is a plot of R;/R vs nose 
advance* for several mobility ratios. 


*Nose advance in this paper has the same 
meaning as used by Aronofsky, et al? 
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The curves indicate that the injec- 
tion rate at constant pressure for 
mobility ratios less than one de- 
creases with the advance of the flood 
front and increases for mobility ra- 
tios greater than one. 

Plots of swept area vs nose ad- 
vance for various mobility ratios are 
given in Fig. 7. The shapes of the 
curves were very similar to those ob- 
tained by potentiometric studies. In 
fact, the values obtained by the re- 
sistance network study differed little 
from those obtained by potentiomet- 
ric studies.” 

The relative time of breakthrough 
for various mobility ratios is given 
in Fig. 8. The curve designated with 
x is the result of potentiometric 
studies. The two curves are similar 
in shape; however, the potentiometric 
study obtained values which were 
lower at large mobility ratios and 
were greater at small mobility ratios. 
The differences in values for the two 
curves range from 0 to 15 per cent. 

As the flood front advanced there 
was a general shift of the equipoten- 
tial lines. The 50 per cent equipoten- 
tial line shifted toward the producing 
well as the flood front advanced. A 
plot of the location of the 50 per 
cent equipotential line on the diag- 
onal streamline vs nose advance for 
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various mobility ratios is given in 
Fig. 9. The location refers to the 
fraction of the diagonal line taken 
from the injection well. 


CONCLUSION 


Although on the resistance net- 
work the flood front is wavy, re- 
sults of mobility studies with the re- 
sistance network compare very fa- 
vorably with the potentiometric 
studies. Slight deviations from the 
potentiometric results tend to in- 
crease as the mobility ratio differs 
increasingly from one. 
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Evidence of Chromatographic Effect During Flow of 
Gases Through Oilfield Cores 


JUNIOR MEMBER AIME 


EN-ER UC 


The chromatographic effect refers 
to the separation of constituents in 
a moving fluid phase which occurs 
when the phase is passed over a 
stationary phase, either solid or 
liquid, or large areal extent. In per- 
forming chemical analyses, the large 
surface contact area is provided in 
the case of gas-solid chromatography 
by-passing the gas over a porous solid 
and for gas-liquid chromatography 
by-passing the gas over a porous 
solid which has been coated with a 
nonvolatile liquid. The porous me- 
dium is usually placed in a cylindri- 
cal tube, although it may be a rela- 
tively flat sheet as in paper chroma- 
tography. 

According to one theory,’ the sep- 
aration results from the difference in 
time spent by various components in 
the stationary phase. A gaseous com- 
ponent which is completely insoluble 


_in the stationary phase, or is not 


adsorbed on the solid, proceeds un- 


_impeded through the column. 


The versatility and power of the 
various types of chromatography for 
the analysis of complex mixtures are 


evident from their widespread use 


in performing chemical analyses and 
from the large number of symposia, 
books, and papers devoted to the 
subject in recent years.””*"*"" Asso- 
ciated developments are the applica- 
tion of chromatography to the de- 
termination of heats of solution, heats 
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of adsorption, solubilities or K-values, 
etc 1,3,10,11 


Gas-liquid chromatography analy- _ 


ses may be characterized by the 
manner in which the samples are 
introduced and displaced from the 
column’. The three techniques used 
are known as (1) frontal analy- 
sis, (2) displacement analysis, and 
(3) elution analysis. The frontal 
analysis is performed’ by displacing 
an inert gas from the column by a 
continuous stream of the sample. As 
indicated in Fig. 1(A), all but the 
first fraction leaving the column 
represent mixtures rather than pure 
components. The displacement analy- 
sis is conducted by filling the column 
with a sample, then displacing it 
with a more strongly adsorbed or 
absorbed vapor. The resulting chro- 
matogram is illustrated by Fig. 1(B). 
Finally, in the elution analysis a 
small sample of the mixture to be 
analyzed is introduced as a “plug” 
into a flowing stream of carrier gas 
to give an elution-type chromato- 
sram, Fig. 1(C): The three tech- 
niques may be used to provide models 
to which flow patterns in other 
physical situations may be compared. 


PURPOSE OF THIS 
INVESTIGATION 


The purpose of this investigation 
was to determine whether natural 
reservoir rocks, when coated with 
crude oil, provided sufficient surface 
areas to give rise to a chromato- 
graphic separation of light hydro- 
carbon constituents. The tests were 
conducted with the light hydrocar- 
bons in the gaseous state. 
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SANDS TESTED 


Two sands of widely different per- 


-meabilities have been studied: (1) 


Ventura core (16 md), and (2) Tor- 
pedo sandstone core (578 md). Table 
1 gives a description of the cores 
that were tested. With the exception 
of one frontal-type flow arrangement 
which was performed on Core 3, the 
tests were of the elution-type in which 
a methane-propane mixture was 
eluted through the core by means of 
helium. 


The Ventura core, when impreg- 
nated with a weathered crude from 
the same field, became so imperme- 
able to gas flow that it was necessary 
to conduct the tests on the granu- 
lated cores (Cores 2 and 3). 
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TABLE 1 


Porosity Permeability 
Core No. Core Description Cross Section Length (per cent) (md) 

1 Ventura core as Received 0.75 in. dia. 6.62 in. 23.9 16 
2 Crushed Ventura core with 0.305 in. 1.D. 

4-wt per cent Ventura crude copper tubing 3.41 ft 
3 Crushed Ventura core with 0.305 in |.D. 

A-wt per cent Ventura crude copper tubing 8.93 ft 
4 Extracted Torpedo sandstone Square core, 1/2 in. 

core on each side 11.75 in. 19.6 578 
5 Torpedo Sandstone with Square core, 1/2 in. 

8.86 per cent Saturation with on each side 

Ventura crude 11.75 in. 17.8* 53t* 


*With oil in place 


Cores 4 and 5 represent the same 
sandstone cores with and without 
the Ventura crude. A square core 
was chosen to permit ease of fabri- 
cation. The cores were painted with 
Epon plastic and mounted in Lucite. 


REFERENCE TO EQUIPMENT 


The equipment used in the test 
was essentially that used by Rangel 
to study K-values of methane and 
propane in n-decane." Some modifi- 
cations were made to decrease the 
“dead volume” between the end of 
the core and the thermal conductivity 
detector cell to reduce remixing of 
the gases during flow from the core 
to the cell. The various cores were 
substituted in place of the chromato- 
graphic column in the original appa- 
ratus. A differential pressure gauge 
placed across the cores and a flow- 
meter permitted the calculation of 
gas permeabilities. The tests were 
conducted at a room temperature of 
26° C and at pressures ranging from 
17 to 27.2 lb/sq in. abs. 


PRESENTATION OF RESULTS 


A qualitative idea of the degree 
of separation obtained is indicated 
by Figs. 2 through 5, corresponding 
to the cores indicated. Little or no 
resolution of the methane and pro- 
pane peaks were obtained by eluting 
the mixture through Core 4, the dry 
Torpedo sandstone. It should be 
emphasized that the chromatograms 
correspond to cores of different 
length and that Cores 2 and 3 were 
obtained by crushing the consolidated 
Ventura core. 


Fig. 2 shows the very slight sep- 
aration of methane and propane by 
elution of the mixture through the 
weathered Ventura core. The loca- 
tion of the elution curves for pure 
methane and pure propane are shown 
on the same scale as a means of 
identifying the location of methane 
and propane in the lowest chromato- 
gram shown in Fig. 2, the chromato- 
gram for the mixture. To circumvent 
the extremely low permeability to 
gas of the Ventura core impregnated 
with Ventura crude, the core was 
crushed prior to impregnation with 
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the crude. The resulting chromato- 
grams for the crushed core placed 
in copper tubes are shown in Figs. 3 
and 4, Cores 2 and 3 are identical 
except for their lengths. A virtually 
complete separation of the methane- 
propane mixture occurred on the 
longer core. The Ventura core repre- 
sents a “dirty sand,” probably having 
a high specific surface area. 

The Torpedo sandstone, a “clean 
sand,” was tested with and without 
crude oil on its grain surfaces. The 
extracted sandstone showed no ap- 
parent separation. However, with 
8.86 volume per cent of the void 
space occupied by the Ventura crude 
on the sandstone, the chromatogram 
shown in Fig. 5 was obtained. Thus, 
the separation is attributed to the 
liquid phase which acquires a large 
surface area on the solid surface. 
For the liquid saturations used, the 
peaks obtained in the chromatogram 
were quite asymmetric, indicating the 
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existence of condensation sites of 
varying activities. The vapor mole- 
cules compete with one another for 
these positions in the fixed phase.” 
Fig. 6 gives a frontal chromato- 
gram of Core 3 with a mixture of 
methane and propane. The leading 
edge of the front consists of pure 
methane and helium, i.e., the methane 
forges ahead of the propane. Since 
a mixture of methane and propane 
was used to displace the helium 
from the core, the methane-helium 
front is followed by the methane- 
propane mixture. The mercury capil- 
lary pressure curves, Fig. 7, for the 
Ventura and Torpedo cores indi- 
cates the wide differences in the pore 
structure of the two cores tested. 


QUANTITATIVE 
CALCULATIONS 


Interpretations of the data may be 
made from a study of the parameters 
frequently calculated for analytical 
columns. The following calculations 
were made on the cores studied: (1) 
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corrected retention time, (2) ratio 
of corrected retention volume to pore 
volume, (3) relative velocity of com- 
ponents, and (4) theoretical plates 
per foot of core. 

The definitions of the quantities 
used in the above calculations are as 
follows. 

1. Corrected retention time (min- 
utes) is equal to the time that a 
component in question is retained in 
the core or column by virtue of ad- 
sorption or absorption and is equal 
to the difference in time required for 
a nonadsorbed or nonabsorbed com- 
ponent and the component in ques- 
tion to flow through the column. 

2. Corrected retention volume 
(cc) is the volume of carrier gas 
required to elute the component in 
question through the core or column 
minus one pore volume of gas. The 
retention volume is equal to the re- 
tention time times the flow rate 
(cc/min) at the weighted average 
core pressure. 

3. Pore volume (cc) is equal to 
the void volume (cc) of the core 
under test conditions. 

4. Relative velocity of a com- 
ponent is equal to the ratio of the 
- velocities of two components. Thus, 
the relative velocity of helium to 


methane is given by: 
Corrected CH4 
retention time + 
_ (minutes) 
CHa Pore volume (cc) 
He flow rate (cc/min) 


5. Theoretical plates are defined 
such that the height equivalent to a 
theoretical plate (HETP) is the length 
of core or packing required in order 
that the gas leaving it may be con- 
sidered to be in equilibrium with the 
average stationary liquid concentra- 
tion in the same section. In accord- 
ance with the theory of James and 
Martin,‘ the number of theoretical 
plates, n, is given by: 
h’ P 


Pore volume (cc) 
He flow rate (cc /min) 
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TABLE 2—RESULT OF COMPUTATIONS 
A. Corrected Retention Time and Retention Volume 


Retention time (min) Retention volume (cc) Flow Rate 
Core No. Methane Propane Methane Propane (cc/ min) 
1 0.24 1.36 3.24 18.4 13.5) 
2 1.29 2.38 54.5 103 43.2 
3 1.88 4.18 82.6 184 44.0 
5 0.18 0.85 9.85 46.5 54.8 
B. Ratio of Corrected Retention Volume to Pore Volume of Column 
Ratio 
Core No. Methane Propane 
1 0.339 1.93 
2 4,46 8.45 
3 2.58 5.74 
5 0.287 135 
C. Relative Velocities 
Helium Helium Methane 
Core No. Methane Propane Propane 
1 ee 2.9 2.2 
2 5.6 9.4 
3 2.6 6.7 1.9 
5 1.4 2.7 1.8 


where h is peak height (cm), / is 
retention distance (cm) corrected 
for the distance the chart travels 
while helium flows from the sample 
inlet to the detector cell, and A is 
the peak area (cm’). 


The corrected retention times and 
volumes for the flow of methane and 
propane through various cores are 


listed in Table 2-A. The retention” 


time for propane is observed to be 
from 2 to 5 times that of methane 
(Table 2-A). Using polyglycols as a 
stationary liquid phase, Adlard’ 
showed that for pentane through 
n-decane, the increase in the number 
of -CH.- groups plotted vs the log of 
the corrected retention volume gives 
a linear relationship. The retention 
times of homologs ina given column 
using a given stationary phase may 
be estimated in this manner. 


The ratios of the corrected reten- 
tion volume to the pore volume of 
the column gives the retention volume 
per unit volume of void space (Table 
2-B). The values indicated that the 
volume of elution gas required to dis- 
place a plug of propane through the 
core may be considerably greater 
than the void volume. That is, the 
displacement with crude oil on the 
core is not pistonwise. 

The relative velocity of methane 
to propane was 2.2 for Core 1 (Ven- 
tura) and 1.8 for Core 5 (Torpedo), 
Fig. 2(C). The relative velocities of 
methane to higher molecular weight 
constituents may be expected to be 
considerably higher. 

The number of theoretical plates 
per foot of core for the Torpedo 
sandstone with 8.86 volume per cent 
oil saturation was 1.6 for methane 
and 5.9 for propane. 


CONCLUSIONS 


The surface areas of many oilfield 
cores, when partially saturated with 
oil, are sufficiently large enough to 


produce gas-liquid chromatographic 
effects when longitudinal diffusion 
is substantially absent. This effect re- 
-sults in a different rate of flow for 
each component when a mixture of 
components is eluted with a substan- 
tially pure substance. These effects 
may be significant in certain produc- 
tion operations and in the character- 


~ jzation of oilfield cores. 
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Pore Volume Compressibilities of 
Sandstone Reservoir Rocks 


1. FATT* 
MEMBER AIME 


ABSTRACT 


Pore volume compressibilities measured in the labora- 
tory on core samples are reported for typical reservoir 
sandstones at reservoir pressures. These compressibilities 
are different for each reservoir sample and cannot be 
correlated to porosity. The compressibilities are also 
functions of pressure. 


RO DUCT 


In recent years several authors have pointed out the 
importance of including pore volume compressibility 
of the reservoir rock in certain reservoir engineering 
calculations. Hall’ showed that in calculating the hydro- 
carbon volume of an undersaturated reservoir from the 
production per unit change in reservoir pressure, the 
neglect of rock compressibility could, in the extreme 
case of low porosity rock, lead to results in error by a 
factor of two. Hawkins’ and Hobson and Mrosovsky* 
showed that both rock and interstitial water compressi- 
bilities must be included to achieve satisfactory accuracy 
in this calculation. 


Although rock compressibility is an important reser- 
voir property in these calculations, very few data are 
available. Hall’ made compressibility measurements on 
a few samples in a small pressure range. No other direct 
pore volume compressibility measurements have been 
reported. Geertsma* discussed the elasticity of reservoir 
rock but did not present any new data. In this paper, 
rock compressibilities suitable for reservoir calculations 
are reported for a variety of sandstones typical of U. S. 
reservoirs. The measurements were made through a 
range of pressures which is also typical of reservoirs. 


EXPERIMENTAL PROCEDURE 


Plugs 1 in. in diameter and 2- to 3-in. long were 
diamond drilled, 14 from cores from seven oil-bearing 
or potentially oil-bearing sandstone, one from a quar- 
ried sandstone, and another from a shallow, oil-free, 
pure orthoquartzite. The plugs were extracted in toluene, 
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vacuum dried, and then weighed. The plugs were then 
saturated with kerosene and reweighed. This gave pore 
volume. They were then again extracted in toluene, 
vacuum dried, and jacketed in 0.004-in. thick copper 
foil. A short length of %4-in high pressure tubing led 
from the jacket. The jacketed sample was then saturated 
with kerosene and placed in the hydraulic pressure cell 
as shown in Fig. 1. Movement of the mercury slug 
showed the change in pore volume of the sample under 
a given pressure change. Temperature was about 72° F 
for all measurements. 

Before taking any measurements, the external pres- 
sure on the sample was raised to 10,000 psig and kept 
there for several hours. This formed the thin copper 
jacket around the plug. The pressure was then removed 
and the sample left at least overnight, during which time 
it recovered its original pore volume. 

An external pressure of 12,000 psig was then applied 
and held constant. The change in pore volume was 
noted as the internal pressure was raised in 1,000 psig 
increments to 10,000 psig. The internal pressure was 
then reduced to zero, again noting pore volume changes, 
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and the external pressure was reduced to 6,000 psig. 
After allowing several hours or overnight for the sample 
to recover, the pore volume change was noted as the 
mternal pressure was raised to 6,000 psig and then 
reduced to zero. 

To obtain the change in pore volume of the sam- 
ple when the internal pressure was raised, it was neces- 
sary to subtract the change in volume of the kerosene 
in the sample, connecting line, and sight gauge from 
the total observed volume change as indicated by move- 
ment of the mercury slug. The change in volume of the 
kerosene was calculated from the compressibility of 
Kerosene given in the International Critical Tables’. 

Pore volume compressibility was calculated by gra- 
phically differentiating a plot of pore volume vs pres- 
sure. Samples were discarded if there was a hysteresis 
loop in this curve. This partially accounts for the ab- 
sence of data on sandstones with porosities higher than 

about 20 per cent. Hysteresis was usually present for the 
soft, high porosity sandstones. 


Compressibilities were also obtained for a pack of 
28 to 35 mesh “flint shot” unconsolidated sand. The 
sand was tamped into a 1-in. diameter by a 3-in. long 
cylinder of 0.004-in. copper foil. The cylinder was 
soldered closed and a tubing lead attached. The sand 
pack, after saturating with kerosene, was placed in the 
cell of Fig. 1 and 2,000 psig external pressure applied 
for several minutes. The pressure was removed and 
then reapplied every 10 minutes until there was a 
constant amount of kerosene produced from the pack 
upon application of 2,000 psig external pressure. About 
15 pressure cycles were required before the pore volume 
vs external pressure curve was free of hysteresis. To 
avoid crushing the grains, pressures above 2,000 psig 
were never appliéd to the sand pack. (Brandt* has given 
an equation from which it can be shown that for 
spherical quartz grains in contact, the external: pressure 
should be less than 3,000 psig to keep compressive 
stresses at the grain contacts below the compressive 
strength of quartz.) Changes in pore volume of the 
sand pack were noted when the external pressure was 


maintained constant at 2,000 psig and internal pressure — 


was varied from 0 to 2,000 psig. 


UL DS 


The pore volume compressibilities as a function of 
net overburden pressure for eight representative con- 
solidated samples and the sand pack are shown in Figs. 

-2 and 3. Note that the compressibility scales are differ- 

ent in the two plots. The pore volume compressibility 
_is defined as the change in pore volume per unit pore 
volume per psi change in pressure of the fluid in the 
pore spaces while the external pressure is kept constant. 
In a reservoir the external pressure is the pressure of 
the overburden. The net overburden pressure is defined 
as the external pressure minus 85 per cent of the in- 
ternal pressure. Brandt* introduced the 85 per cent 
factor to take into account the fact that the internal 
fluid pressure does not wholly react against the external 
pressure. The factor is structure dependent and there- 
fore not the same for all rocks. It is also pressure 
dependent. For the rocks and pressure range used in 
this study the factor probably varies from 75 to 100 
per cent with an average of 85 per cent. 

The low pressure part of each curve, below 6,000 
psig, was obtained at 6,000 psig external pressure, the 
high pressure part was obtained at 12,000 psig external 
pressure. There was enough overlap in the net over- 
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burden pressure to indicate that the pore volume com- 
pressibility was a continuous, smooth, function of net 
overburden pressure. 


The pore volume compressibilities (Figs. 2 and 3 


plus 10 other samples) could not be correlated with 
porosity. 


DISCUSSION OF DATA 


The data of Figs. 2 and 3 are probably accurate to 
+ 15 per cent. The reproducibility of the pore volume 
data is + 5 per cent. However, the graphical differen- 
tiation of the pore volume-pressure curve required for 
the calculation of compressibility introduces additional 
uncertainty. Another factor reducing the accuracy of 
the compressibility data is the correction for com- 
pressibility of the kerosene in the sample and con- 
necting lines. Any uncertainty in the kerosene com- 
pressibility is doubled in the calculated pore volume 
compressibility. 

Although the data in Figs. 2 and 3 are accurate only 
to +15 per cent, they show clearly that, at a given 
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pressure, there may be a fourfold difference in pore 
volume compressibility from one sandstone to another. 
Furthermore, the compressibilities for each sample are 
functions of pressure. 

The compressibilities reported in Fig. 2, except for 
the unconsolidated sand, are for sandstones containing 
poorly sorted grains and from 20 to 45 per cent cement 
and intergranular detrital material*. These compressi- 
bilities are higher than those given in Fig. 3 which are 
for sandstones containing well-sorted grains and only 
10 to 30 per cent cement and intergranular detrital 
material. These observations point to a possible rela- 
tion between compressibility and composition of sand- 
stones. There are, as yet, too few data to allow a 
definite conclusion. 

The absence of a correlation between compressibility 
and porosity data reported in this paper is contrary 
to the conclusion reached by Hall.’ However, Hall had 
only four sandstone samples so that his correlation, for 
sandstones at least, may be fortuitous. Also, Hall used 
only a single external pressure, 3,000 psig, and a small 
range of internal pressures, 0 to 1,500 psig. Within this 
limited pressure range and for a few samples a com- 
pressibility-porosity correlation may exist but the data 
collected during the course of this study did not show 
it. On the other hand, the data of this study are con- 
centrated in the porosity range of 10 to 15 per cent 
with only one sample near 20 per cent. The absence 
of a correlation may be the result of this small porosity 
range. 

Although some of the curves in Figs. 2 and 3 cross, 
still they all seem to have the same characteristic shape. 
This suggests that a single analytical expression with 
separate constants for each sample would fit all the 
data. In the range from 2,000 to 10,000 psig, these data 
can be expressed approximately by C = A — B log P, 
where A and B are constants for each sample. This 
logarithmic relation is useful in interpolating between 


*These properties were estimated by conventional petrographic thin- 
section analysis. 
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measured data points or for a short extrapolation be- 
yond the measured pressure range. . 

These results suggest that laboratory measured com- 
pressibilities be used in reservoir calculations if more 
than just an approximate calculation is being made. 

A word of caution is appropriate here in connection 
with the use of laboratory measured compressibilities 
in reservoir calculations. Geertsma* has pointed out 
correctly that the laboratory measured compressibilities 
may be greater than those in the reservoir by a factor 
of two. This is because laboratory measurements are 
made on samples which are at simulated hydrostatic 
overburden pressure whereas the stresses in a reservoir 
may not be hydrostatic. If the reservoir is surrounded 
by an immovable boundary, then the weight of the 
overburden may not apply a hydrostatic stress. A virgin 
reservoir in which the fluid pressure is equal to the 
pressure of a column of water to the surface may be 
under hydrostatic stress. But as the reservoir is depleted, 
the vertical stress may become greater than the horizon- 
tal stresses. The ratio of laboratory compressibilities to 
those existing in the reservoir would be unity in the 
unproduced reservoir and gradually approach two as 
the reservoir pressure is depleted. Stress conditions in 
petroleum reservoirs are not yet known with any degree 
of certainty. Further study of this problem is needed. 
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The Application of the Buckley-Leverett Frontal 
Advance Theory to Petroleum Recovery 


STEPHEN G. DARDAGANIAN* 
JUNIOR MEMBER AIME 


INTRODUCTION 


Basically, the Buckley-Leverett 
theory involves two systems which 
are similar in nature but are differen- 
tiated by time. These systems may be 
described by the fractional flow and 
frontal advance equations which es- 
sentially characterize the mechanics 
of oil movement while being expelled 
from the reservoir. 

The fractional flow equation orig- 
inally developed by Leverett’ may be 
expressed in the more usable form 


fa 1 + .001127 
t 
— .433 Ay sin 
k, 


(1) 
The development of this equation’ is 
based on Darcy’s law describing fluid 
flow through porous media and ap- 
plies to the flow at only one point 
(it is a point function). For simpli- 
fication, the fractional flow equation 


— ig written in the above form because 


the capillary forces always increase 
the fractional flow of the displacing 
phase regardless of the direction of 
flow or the displacing phase. 

If, for simplicity, the effects due 
to gravity and capillary pressure dif- 
ferences are neglected, the fraction 
of the displacing fluid, fa, at any 
point in the flowing stream is related 
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to the properties of the system by 


1 
fa 1 k, (2) 
ky 


Thus, it is seen that in the absence 
of capillary and gravitational effects, 
fa for a given sand and fluids varies 
only with saturation and pressure. 
The magnitude of the viscosity ratio, 


Ma 
about 30) in the system where gas is 


displacing oil and a much smaller 
range for water displacing oil. 


In order to make the fractional 


, has an effective range (range of 


flow equation more versatile, it is 


necessary to connect the fractional 
flow at a given point and saturation 
with time. This problem was ap- 
proached by Buckley and Leverett’ 
who developed the frontal advance 
equation, 

Ax Afa 3 
Eq. 3 states that the rate of advance 
of a plane that has a fixed saturation, 
S,, is proportional to the change in 
composition of the flow stream caused 
by a small change in the saturation 
of the displacing fluid. It is, essential- 
ly, a transformation of a material 
balance equation representing the net 
rate of accumulation of the displac- 
ing phase within a homogeneous sand 
block. This accumulation is propor- 
tional to the difference between the 
rate at which the displacing fluid 
enters the sand and that at which it 
leaves. 

Eq. 3 describes the velocity with 
which a plane of constant displacing 
phase saturation advances through a 
porous system. Buckley and Leverett,’ 


\ 
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Babson,* Kern,’ Welge,’ and others 
have adequately discussed the basic 
mechanism and application of the 
fractional flow and frontal advance 
equations. 


APPLICATIONS OF THE 
FRONTAL ADVANCE THEORY 
TO PETROLEUM RECOVERY 


Two general applications of the 
Buckley-Leverett frontal advance the- 
ory involve the system in which the 
oil is being displaced by an expand- 
ing gas cap overlying the oil zone 
and that in which the oil is being 
displaced by water. 


DISPLACEMENT BY GAS IN THE 
PRESENCE OF AN IMMOBILE 
WATER SATURATION 

A system in which gas is the dis- 
placing phase may be thought of as 
having two forces effecting the dis- 
placement process. These forces are 
the gravitational force and that force 
exerted by the displacing gas. The 
gravitational effects control the dis- 
placing efficiency of the gas. The gra- 
vitational effect will be less at higher 
rates of flow, thereby reducing the 
effectiveness of the displacement of 
the oil by the gas. The more efficient 
displacements occur at flow rates 
which are less than the gravity free 
fall rate. Capillary forces can be neg- 
lected without materially changing 
the magnitude of the gas saturation. 

The Mile Six pool is used herein 
to illustrate the calculating proce- 
dures in evaluating gas drive-gravity 
drainage field performance. These 
calculations represent the determina- 
tion of the gas-oil contact when the 
distribution of the hydrocarbon pore 
volume is considered. Two methods 
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fli 


are available for making such calcu- 
lations: a linear block method and a 
volumetric invasion method. 

The linear block method involves 
the treatment of the reservoir as a 
uniform block. The displacement of 
oil by the advancing gas cap is 
evaluated by 


g 


1 +.001127 — ,433 Ay sin @) 
Bo Q, 


Ko 
Mo ka 


which is the same as Eq. 1 except 
that the capillary forces are neglec- 
ted. It should be noted that the cross- 
sectional area normal to flow must be 
determined before the fractional flow 
can be evaluated. There are two 
methods presented by Amyx, Bass, 
and Whiting which can be used for 
the determination of this area. A res- 
ervoir voidage rate of 9,177 B/D 
and other properties reported by 
Welge and Anders’ were used in the 
calculations shown in Fig. 1. 


In order to determine the position 
of the gas-oil contact at any time, it 
is necessary to solve the following 
equations for various values of time 
or gas-oil contact position 


L df, 


or 
5.61 LAf 


These are essentially forms of Eq. 3. 
Eq. 5 may be restated in terms of 
hydrocarbon pore space provided the 
fractional flow equation is expressed 
with gas saturation as a fraction of 
hydrocarbon pore volume (as shown 
in Fig. 1). The following is noted: 


fH sas 


60 


80 


60 059 
'g 2 59998 
if / VOIDAGE RATE = 9,177 BARRELS 
20) + PER DAY 
| 
° 


io) .20 40 60 80 1.00 

S 

9 (1-Sw) 

Fic. 1—(From Rer. 7) FracTIionaL FLow 

or A Gas AS A Function oF Gas SATURA- 

TION EXPRESSED AS A FRACTION OF HyprRo- 
CARBON OccuPIED Pore SPACE. 
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(1 —S.)’ 


diy 
Using the above definitions, Eq. 5 
may be rewritten as 


L= 


OF df, 
where Q,T is the cumulative reser- 
voir voidage. 

The volumetric invasion method 
involves the use of the hydrocarbon 
pore distribution. The invaded hy- 
drocarbon pore volume appears in 
Eq. 6 as: hydrocarbon pore volume 
=LAf(1—S,), cu ft such that 
its value can be read directly from 
Fig. 2 which shows the distribution 
of the hydrocarbon pore volume of 
the oil zone with depth in the Mile 
Six pool. The distance along the bed- 
ding planes (L) is converted to ver- 
tical heights by h =L sin @. This 
conversion is performed because the 
vertical displacement of the gas-oil 
contact is of basic importance in res- 
ervoir study. 

Using the modified form of Eq. 6 
such that 


and 


or 


Q,T sin 6 ( 4. 

5.61 Af (1 — Sw)\ dS’, }’ 

the saturation distribution with height 
may be calculated. As the position 
of the front is specified in each case, 
the cumulative reservoir voidage term 
may be replaced by Eq. 6 such that 
Eq. 7 becomes 


df, 
Ah = L sin /(<s-) | 

Thus, for any given position of the 
gas-oil contact denoted by L, the sat- 
uraticn distribution can be deter- 
mined. 

Sample calculations for the deter- 
mination of the gas-oil contact when 
the distribution of the hydrocarbon 
pore volume is taken into considera- 
tion are presented in Table 1. The 
data calculated in Table 1 are plotted 
in Fig. 3, which shows a comparison 
of the computed position of the gas- 
oil contact to that observed from 
field data. Only small deviations are 
noticed at low values of cumulative 
production with the deviation increas- 
ing with increased production. 

The time and cumulative produc- 
tion are readily obtained as it was as- 
sumed that the rate of reservoir voi- 
dage was a constant and that no pro- 
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Fic. 2—(From Rer. 7) DISTRIBUTION OF 
HyprocarBson Pore VOLUME IN THE 
Zone witH DeptH, Mite Six Poot. 


duction occurred behind the front. 
Thus, 0,T = N,B., where Q, and 
B, are known, and Q,T is expressed 
and calculated as a function of the 
gas-oil contact position by Eq. 6. 


DISPLACEMENT BY WATER 


The fractional flow and frontal ad- 
vance calculations for a system in 
which water is the displacing phase 
are basically the same as the calcu- 
lations for a system in which gas 
is the displacing phase. However, the 
latter generally occurs in a system in 
which a third immobile phase (water) 
is usually present, whereas, in a 
water-drive system, the third phase 
(gas) may or may not be present 
and may exist either in a mobile or 
immobile state. 

Pressure is the controlling factor 
which defines the state of the third 
phase (gas) in a water-drive system. 
If the reservoir exists at a pressure 
above the bubble-point pressure of 
the oil, no free gas phase will exist, 
and the system may be evaluated as 
a two-phase system. Assuming the 
reservoir exists at a pressure slightly 
below the bubble-point pressure of 
the oil, the gas that has been evolved 
from the oil may be thought of as 
being immobile. This system may be 
evaluated as a three-phase system 
with an immobile third phase. If, 
however, the reservoir exists at a 
pressure sufficiently below the bub- 
ble point such that the evolved gas 
has mobility, the problem will then 
become one involving three mobile 
phases. The treatment of such a prob- 
lem will now be discussed. 


Consider a reservoir in which a 
gas phase has been created by pro- 
duction and pressure depletion. The 
saturation distribution is such that 
three mobile phases exist. The frac- 
tional flow-frontal advance theory 
breaks down when applied to this 
system as a whole. However, this 
problem may be simplified remem- 
bering that an oil bank develops 
ahead of a waterflood front when 
flooding in the presence of a mobile 


PETROLEUM TRANSACTIONS, AIME 


= 
= 
= 
= 


TABLE 1—CALCULATION OF GAS-CAP POSITION AS A FUNCTION OF CUMULATIVE PRODUCTION 


(Voidage Rate—9,177 B/D, Bo = 1.196) 
LAf(1-Sw)+ 
T Np** 
L Ah h (MM) QiT* (Days) (MM) 
100 30.07 1,905 0.96 98 0.803 
300 90.21 1,965 3.03 310 Pee} 
1,000 300.71 2,175 24.0 14.40 1,474 12.04 
1,500 451.0 2,326 44.6 26.76 2,739 22.37 
LAF(1-Sw) 
= 
TQt 


+ From Fig. 2 


gas saturation. This complex system 
of three mobile phases may now be 
thought of as two separate systems in 
which only two mobile phases exist. 
One system is that in which the oil 
bank displaces the gas to an immo- 

_bile saturation. In the second system, 
the advancing water bank displaces 
the oil from the porous rock in the 
presence of an immobile gas phase. 
By combining the evaluations of these 
systems, it is then possible to arrive 
at an evaluation of the system as a 
whole. The methods for such evalua- 
tions are developed in the following 
paragraphs. 

The residual gas saturation de- 
veloped during a flood is a function 
of the rock and fluid properties and 
can be determined from flow tests 
on the rock. During a water flood, 
the oil bank that builds ahead of the 
water front tends to displace any 
free gas from the system. Since the 
viscosity of the displacing oil is con- 
siderably greater than that of the 
displaced gas, the oil bank essen- 
tially displaces the gas with a pis- 
ton-like effect. The gas is reduced to 
a “trapped” saturation assuming the 
pressure is such that it does not go 
into solution. Fig. 4 presents data 
adapted from flow tests performed by 
Kruger’ on the amount of gas trapped 
by water flooding a gas-saturated 

core. This shows that the magnitude 
of the residual gas saturation ob- 
tained is a function of the amount 
~ of gas initially present. 

The frontal advance theory may 

- be used to evaluate the displacement 
of oil by water in the presence of 
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Fic. 3—(From Rer. 2) Computed Post- 

TION OF GAS-OIL ConrACT COMPARED TO 
THAT OBSERVED FROM Fietp Data. 
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the immobile gas. It is concluded that 
the residual oil saturation by water 
displacement will be a function of 
the residual gas within the oil bank. 
The effect of the residual gas satura- 
tion on the residual oil may be com- 
puted by the fractional flow-frontal 
advance theory if appropriate relative 
permeability data are available. From 
such data and frontal advance con- 
cepts the residual oil saturation at 
breakthrough of water may be calcu- 
lated as a function of the viscosity 
ratio, ../m.. For a given reservoir, 
the viscosity of water at reservoir 
conditions is essentially independent 
of the pressure. Therefore, the only 
variable effecting the residual oil 
saturation that varies with pressure 
is the oil viscosity. Using the oil and 
water viscosity data applying to a 
particular reservoir, the variation of 
the viscosity ratio with pressure may 
be calculated. Fig. 5 illustrates a 
family of curves defining the residual 
oil saturation as a function of the 
pressure and gas saturation. 

The initial free gas saturation may 
be determined from material balance 
calculations, and by utilizing data 
such as that shown in Fig.’ 4, the 
residual gas saturation existing in the 
oil bank may be estimated. The resid- 
ual oil saturation then may be de- 
termined from the residual gas satu- 
ration and the reservoir pressure by 
the utilization of such data as pre- 
sented in Fig. 5. 
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Fic. 4—(From Rer. 9) Estimatep Gas 
ENTRAPMENT AFTER OIL FLOoop. 


In the development of this evalu- 
ating process, the residual gas satu- 
ration developed by the advancing oil 
bank is considered to be the same as 
the residual gas saturation behind the 
waterflood front such that the water 
flood has no effect on the gas satura- 
tion. In addition, the residual oil 
saturation is thought of as essentially 
being equal to the average oil satura- 
tion behind the front. Thus, the re- 
sidual oil may be defined by (1 = 
S,r — Swa). The second phase of re- 
covery (displacement of oil after 
breakthrough of the flood front) is 
not considered since the economic 
value of such recovery is sometimes 
relatively low. 


OPTIMUM PRESSURE FOR INITIATING 
A WATER FLOOD 

By evaluating the performance of 
solution gas-drive reservoirs, the free 
gas saturation and recovery as a func- 
tion of pressure decline may be cal- 
culated. The effect of initiating and 
maintaining a water flood at a given 
pressure may be determined as shown 
in Table 2. The results of applying 
this procedure to other systems are 
shown in Fig. 6. Curves A, B, C, and 
D are based on the calculated per- 
formance of a solution gas-drive 
given by Muskat”. The waterflood re- 
coveries were estimated from the data 
in Fig. 4 and curves corresponding 
to Fig. 5 prepared for each API oil. 
The curves in Fig. 6 consider 100 
per cent pattern efficiency. Note that 
Curves A and B show maximums in 
total oil recovery at pressures below 
the bubble-point pressure (3,000 psi 
for all of the oils). 


The maximums in total oil recov- 
ery are attributed to the effect of the 
free gas saturation in reducing the 
residual oil following a water flood. 
Maximums do not occur in Curves C 
and D. This is attributed to the ef- 
fect of the greater shrinkage of the 
higher gravity oils. Curve E_ illus- 
trates the effect of pattern efficiency 
on the optimum flooding pressure. 


PERCENT GAS 
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TABLE 2—EXAMPLE OF ibe 
F 


(2) 


LUATION OF OPTIMUM PRESSURE AT WHICH TO INITIATE A WATER 


OOD IN A SOLUTION GAS-DRIVE RESERVOIR 


(For a 30° API Stock-Tank Oil) 


(11) 


(1) (3) (4) (5) (6) (7) (8) (9) (10) 
Cumulative* 

Recovery Total Total 

Fraction of Recovery Recovery 

Pore Space Fraction Per cent 

Pressure of Pore of Initial 

(psia) Bo* So 555-So So So Sgrt*: Sor** Sor— Bo Space Oil 
3,000 1352 0 555 750 0 0 .285 .2108 .3442 62.02 
2,800 1.339 .014 541 724 .026 026 283 .2114 .3436 61.91 
2,600 1.328 .031 524 696 .054 054 276 .2078 .3472 62.56 
2,400 1.316 .052 503 662 .088 088 .272 2067 .3483 62.76 
2,200 1.303 .073 628 -122 110 .269 .2064 -3486 62.81 
2,000 1.290 .086 469 605 145 117 270 .2093 .3457 62.29 
1,800 1.278 .097 458 585 -165 123 273 .2136 .3414 61.51 
1,600 1.263 .105 450 568 -182 130 276 .2185 .3365 60.63 
1,400 1.249 113: 442 552 198 136 281 .2250 3300 59.46 
1,000 430 523 147 288 .2366 3184 57.37 
100 1.085 .145 410 445 .305 177 330 .3041 2509 45.21 
*Data from Muskat?° 
Soi So 
= — — w = 25 per cent 


**Determined from laboratory tests 


Note that the maximum in recovery 
is accentuated and shifted to a lower 
pressure by lowering the sweep effi- 
ciency. It should be emphasized that 
the recovery data of Fig. 6 is total 
recovery as per cent of oil in place 
and, therefore, includes both primary 
and secondary recovery. The proce- 
dure outlined, together with ap- 
propriate flow tests on core samples, 
may be used to estimate the optimum 
pressure at which to initiate a water 
flood. 
CONCLUSIONS 


The methods of performance evalu- 
ation basically developed from the 
Buckley-Leverett frontal advance the- 
ory are not restricted to any one par- 
ticular system but may be generally 
applied to a variety of systems in 
which the production mechanisms 
vary. In order to effectively employ 
the outlined evaluation procedures, it 
is required that a certain amount of 
laboratory and field data be available. 
The following information is needed 
for such evaluations. 

1. Sufficient information to con- 
struct relative permeability or per- 
meability ratio curves. 

2. Appropriate fluid viscosity data 
to construct viscosity ratio curves. 

3. Complete field data describing 
the structural parameters of the res- 
ervoir (areal extent, dip angle, thick- 
ness). 

4, Laboratory data characterizing 
the reservoir rock (effective porosity 
and absolute permeability). 

5. Field data giving a complete his- 
tory of pressure, cumulative produc- 
tion, producing gas-oil ratio, and 
fluid injection associated with secon- 
dary recovery operations. 

6. Densities of the reservoir fluids. 

7. Data characterizing the rock- 
fluid interaction (capillary pressure 
data). 

8. Analysis of the reservoir oil in- 
dicating the apparent bubble-point 
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pressure and gas in solution. 

With the proper modifications, this 
method of performance evaluation 
may be applied with reasonable suc- 
cess to systems other than those in- 
dicated; however, the restrictions im- 
posed by the assumptions made in 
the development of this theory should 
be noted. 

An important application of the 
fractional flow-frontal advance theory 
is its use in the determination of 
the optimum pressure at which to 
initiate a water flood in a combina- 
tion drive reservoir. This theory 
makes it possible to utilize laboratory 
data obtained at low pressures to 
evaluate reservoir performance. Here- 
tofore, this type of evaluation has 
been considered to require laboratory 
data obtained at high pressures, thus, 
involving considerable expense. 


NOMENCLATURE* 


f = hydrocarbon porosity 
fa = fraction of the displacing 
fluid in the flowing 
stream 
Ah = vertical distance traveled 
by the gas-oil contact, ft 
P = pressure, psia 
P, = capillary pressure defined 
as the difference between 
the pressure in the oil 
phase minus the pressure 
in the displacing phase 
— pst 
Q = flow in reservoir, B/D 
QO’, = total flow at any time in 
reservoir, cu ft/day 
s = distance along the flow 
path, ft 
S’ = fluid saturation expressed 
as a fraction of the hy- 
drocarbon pore space 
T = time, days 
df, 


—* } = derivations of the fraction- 
dS,) +¢ 


II 


*See AIME Symbols List in Trans. AIME 
(1957) 207, 363, for other symbol definitions. 
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Fic. 6—(From Rer. 8) EFFECT OF PRES- 

SURE AND FLuip PROPERTIES ON TOTAL 

Or. Recovery BY SOLUTION GAS DRIVE 

FoLLowep BY WATER FLoop AT CONSTANT 
PRESSURE. 


al flow equation evalu- 
ated at the gas satura- 
tion which exists at the 
front 
Ay = specific gravity difference 
between oil and dis- 
placing phase (y. — Ya) 
§ = dip angle from the horizon- 
tal, it is to be considered 
positive when the direc- 
tion of flow is downward 
and negative when the 
direction of flow is up- 
ward 
p = fluid density (specific grav- 
ity of water is one) 


SUBSCRIPTS 


a = average behind the front 
d = displacing phase 


REFERENCES 


1. Leverett, M. C.: Trans. AIME (1941) 
142, 152. 

2. Amyx, J. W., Bass, D. M., and Whit- 

ing, R. L.: Unpublished text for In- 

dustry Summer School in Petroleum 

Reservoir Engineering, Texas A & M, 

1956. 
Buckley, S. E., and Leverett, M. C.: 

Trans. AIME (1942) 146, 107. 

. Babson, E. C.: Trans. AIME (1944) 

155, 120. 

Kern, L. R.: Trans. AIME (1952) 

195, 39. 

Welge, H. J.: Trans. AIME (1952) 

195, 91. 

. Anders, E. L., Jr.: 
(1953) 198, 279. 
8. Amyx, J. W.: “The Effect of Free 

Gas Saturation on Oil Recovery by 
Partial Water Drive and Water Flood- 
ing,” report, Texas A & M (May, 

1956). 

9. Kruger, W. D.: “The Effect of Satu- 
ration History on the Residual Gas 
Content of Core after Waterflooding,” 
MS thesis, Texas A & M, 1953. 

10. Muskat, M.: Physical Principles of 
Oil Production, McGraw-Hill Book 
Co., N. Y. (1949) 421, 502. 


AIME 


Trans. 


PETROLEUM TRANSACTIONS, AIME 


= 


T.N. 2006 


A Method for Determining Optimum Second Stage 
Pressure in Three Stage Separation 


KENNETH F. WHINERY 
JUNIOR MEMBER AIME 
JOHN M. CAMPBELL 
MEMBER AIME 


INTRODUCTION 


This investigation was prompted by the absence of 
a simple, accurate method to predict optimum second 
stage separation pressure in three stage separation op- 
erations. Three stage separation as used here includes 
two separators plus the stock tank. The first stage pres- 
sure is usually fixed by gas sales conditions and the 
third stage is at atmospheric pressure. Thus, the second 
stage pressure is the only one that may be varied in- 
discriminantly during production operations. No varia- 
tions in temperature were considered in this study, even 
though it will vary among systems, for a change in tem- 
perature has little effect on the optimum pressure. 

Optimum ‘pressures may be determined from flash 
calculations, but these are tedious unless a computer is 
available. An early attempt to develop a simpler meth- 
od’ yielded an equation which gave the optimum pres- 
sure only as a function of initial and final pressure. 
Experience, however, confirms theoretical relationships 
which show that composition as well as pressure and 
temperature must be a factor. This indicates that the 
basic relationship should be an equation of the form, 

where P, is second stage pressure, P, is first stage pres- 
sure, A is a function of P, (stock-tank pressure) and 
the system composition, and n is a function of the num- 
ber of stages and the system composition. 

Fig. 1 shows the basic variation of P: with P for a 
fixed system composition. A series of such figures clearly 
showed the effect of composition. The peak of each 
curve reflects that second stage pressure at which the 
stock-tank recovery (gal/MMcf) residue gas is a maxi- 
mum value. 


DEVELOPMENT OF NEW CORRELATION 


Wellstreams having 17 different analyses, ranging 
from low gravity crude to condensate, were used to de- 
termine the effect of composition. Each wellstream was 
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flashed through three stages to determine the optimum 
second stage pressure for each first stage pressure. Equi- 
librium vaporization ratios proposed by Latham and 
Campbell were used throughout. The heptane plus frac- 
tion, for simplicity, was assumed to have the proper- 
ties of octane. 

The results were subjected to an empirical analysis in 
an, attempt to develop a correlation that would be (1) 
simple, (2) accurate, and (3) eliminate the need for 
any flash vaporization calculations. This analysis yielded 
two equations, one for wellstreams having a specific 
gravity greater than one (air = 1.0) and one for those 
less than one. For crude streams (specific grav- 


ity > 1.0), 

A + 0.057 


For condensate (specific gravity < 1.0), 


145 + | 
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MOL % +C, 


a & 


CONSTANT (A), DIMENSIONLESS 


%6 0.5 1.0 15 2.0 2:0 3.0 


PSUEDO-SPECIFIC GRAVITY OF FEED, DIMENSIONLESS 


Fic. 2—Consrant (A) vs PsEUDO-SPECIFIC 
Gravity or Freep, TEMPERATURE 80°F. 


A + 0.028 

0.012 


As might be expected from Eq. 1 the constants A and 
C are functions of composition. It was found that com- 
position could be expressed in terms of the wellstream 
specific gravity and the percentages of methane, ethane 
and propane. This is shown in Fig. 2. Fig. 3 shows the 
basis for Eqs. 2A and 3A. oh 

One may therefore determine optimum pressure 
knowing only the specific gravity of the wellstream, the 
percentage of methane, ethane and propane, and the 
first stage pressure. This may be illustrated with an 
example. 


EXAMPLE 

Determine the optimum second stage pressure, for 
a three stage separation, for a wellstream having the 
following composition, if P, = 500 psia. 


(1) (2) (3) (4) 
Mol Mol 
Component Fraction Weight 2 
C1 -40 16.01 6.40 
Ce 20 30.07 6.01 
C3 10 44.09 4.41 
<4 10 58.12 5.81 
Cs 10 72.15 7.22 
Ce -05 86.17 4.31 
Cz + (Cs) :05 115.22 5.76 
: 1.00 39.92 
39.92 
Specific gravity = = 1.38 
28.96 


370 


At0.057 
00235 


CONSTANT (A), DIMENSIONLESS 


2 
A+0:028 
2 
| 
13 15 17 19 23 25 


(C) - DIMENSIONLESS SHIFTING CONSTANT 


Fic. 3—DIMENSIONLESS SHIFTING CONSTANT VS 
Constant (A). 


C,+ C. + C, = 70 per cent 


From Fig. 2, A = 0.421; consequently, from Eq. 2A, 
0.421 + 0.057 
= = 20.5. 
0.0233 


If all values are substituted into Eq. 2, 
P, = 0.421 (500)°** + 20.5 = 50.5 psia 

This correlation is not the absolute solution to all 
three stage separation problems, nor is it intended to 
be so. It should, further, not be misconstrued as a re- 
placement for a digital computer where such is avail- 
able to perform flash calculations. Instead, it is a tool 
for the field engineer where time and expediency are of 
prime importance. It is the opinion of the authors, con- 
firmed by field results, that this correlation is flexible 
and will yield results with a mean error of + 5 per 
cent. 
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Evaluation of Porosity Derivation from Neutron Logs 


R. H. WIDMYER 
JUNIOR MEMBER AIME 
G. M. WOOD 


ABSTRACT 


In order to evaluate the quantitative determination of 
porosity by various neutron logging systems, four test 
wells were constructed to simulate some of the possible 
- variables found in field logging conditions. 

All of the test holes contain sections of limestone with 
one section of sandstone included in one well. Each 
well has a representative section of high, medium, and 

“low porosity. Three borehole sizes are represented by 
three of the test wells, all containing fresh water. One 
test well contains saturated brine. 

Statistical and time constant checks are made for 
each system evaluated. Runs and repeat runs are made 
with the sonde centered and eccentrie. 

Factors evaluated are the effect of borehole size, 
sonde position, salinity, chemical composition of rock, 
and statistical variation. A semi-quantitalive method of 
evaluation of these effects is used giving the average 
maximum per cent error possible for each. Drift and 
calibration procedures are also discussed. 

The effect of the various factors appears to be largely 
a function of the phenomena detected as well as the 
means of detection. Graphic illustrations of some of 
these effects are presented. 

It is concluded, that for accurate log interpretation, 
the hole size and sonde position should be known. 


INTRODUCTION 


The use of neutron logs for the derivation of porosity 
has become an accepted practice in many areas. In 
recent years, many different neutron logging systems 
have been offered to the industry. The neutron sources 
presently available are of the radium-beryllium or polo- 
nium-beryllium type. Detector types used are ionization 
chambers, Geiger-Mueller-type counters, proportional 
counters, or scintillation detectors used to detect or 
measure gamma rays, thermal neutrons, epithermal 
neutrons, fast neutrons or combinations of these. It is 
well-known that all systems do not respond alike in 
all environments. As a result, testing facilities and an 
evaluation method were developed for use in evaluating 
the porosity discriminating ability of neutron logging 
systems using conditions simulating those normally 
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encountered in the field. With such an evaluation, the 
suitability of a logging system can be determined for 
selected field conditions. 


VE SAV EACLE LES 


The testing facilities consist of wells containing rocks 
of various porosities, constructed to include as many 


_parameters as practicable. Three pits were drilled to a 


depth of 20 ft and the fourth to a depth of 9 ft, all 
having 48-in. diameters. Rat holes were dug to a depth 


_of 6 ft in the center of each pit and fitted with sections 


of pipe having appropriate diameters. The top of this 
pipe was located approximately 8 in. above the pit 
bottom. A 6-in. layer of cement was then poured on the 
bottom and while still wet, 42-in. OD corrugated, gal- 
vanized culvert pipe was set on bottom and centered in 
place. This pipe extends approximately 1 ft above the 
surface of the ground. The annulus around the culvert, 
pipe was then filled with cement to the top. A 1- or 2-in. 
layer of sand was placed on the cement bottom to pro- 
vide an adjustable bed on which to place the series of 
rocks set in each hole. A cross section of a typical test 
well containing the porous rocks is shown in Fig. 1. 
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Fic. 1—Cross Section or TypicaL Test WELL. 
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The rocks selected were clean limestones or sand- 
stones in three representative porosities; one below 2 
per cent, one over 25 per cent and one intermediate 
porosity. The original quarried pieces were cut into 
3 X 3 X 1-ft blocks. The four corners from each block 
were then removed leaving the block in an octagonal 
shape. The top and bottom surfaces of the blocks were 
machined smooth and parallel so that, when stacked, 
there would be negligible space or artificial porosity 
at the contact between the blocks. Each block then had 
a hole bored through the center to one of three diam- 
eters, 6, 72, or 9 in. Average porosities for each block 
were obtained from analyses of cores from the removed 
corners. 

The individual blocks of each major porosity and 
hole size were arranged so there would be a minimum 
difference in porosity between adjacent blocks. In this 
order, they were evacuated in a tank structurally de- 
signed to withstand collapse at the vacuum necessary 
for proper evacuation. A schematic illustration of the 
evacuation tank is shown in Fig. 2. With the arrange- 
ment shown, the blocks were handled readily with a 
sling through the center hole, and the size of the tank 
opening could be kept to a minimum to reduce the pos- 
sibility of the gasket leaking. 

The tank was evacuated to a pressure of 1 or 2 mm 
of mercury with suitable moisture traps in the system. 
The period of evacuation lasted from two to six hours, 
depending upon the porosity involved. Based upon sev- 
eral preliminary evacuation periods of two or three 
days, these times were considered adequate to obtain 
a satisfactory water saturation. After this period the 
tank, with the vacuum maintained, was filled with water 
until the block was completely covered. The pressure 
was then allowed to return to normal with a period 
of time allowed for the water to saturate the block. 


The first blocks were each weighed before and after 
saturation and the porosity measured in this manner 
was checked against the previously measured porosity 
until it was established, by the close agreement of the 
two porosities, that a very effective saturation of the 
blocks was being accomplished. 


As each block was saturated, it was lowered into its 
pit, leveled, aligned with the lower blocks, and covered 
with fresh water. The blocks for the 9-ft pit were satu- 
rated with brine and the pit was filled with brine. A 
friction cone device, adapted for each of the hole sizes, 
was used to lower the blocks into position in the pit. 
Guides on the device, extending below the block being 
handled, enabled alignment with the underlying block. 


+ 


VACUUM 
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WATER 


Fic. 2—EvacuaTIon TANK FoR ROCK SATURATION. 


The completed test well set-up consists of three 18-ft 
fresh water wells and one 7-ft saturated brine well. 
Each of the fresh water wells has limestone rocks of 
the three representative porosities. Three different bore- 
hole sizes (6, 712, and 9 in.) are represented by these 
three wells, each containing 18 ft of rock. The 5 or 6 ft 
of each porosity section are found to be satisfactory 
from a bed thickness standpoint in consideration of the 
very low logging speed used during evaluation runs. The 
714-in. bore fresh water well contains a 3-ft section of 
medium porosity sandstone. The 7%-in. bore brine well 
has limestone sections of only the medium and highest 
porosities. 

Within the limits of the parameters available in these 
test wells, it is possible to evaluate the effect of varia- 
tion in the borehole size, sonde position, salinity of the 
borehole fluid and/or formation fluid, and rock com- 
position (clean limestone to sandstone) as well as the 
effect of a wide range of porosity on the neutron log 
response. 


TEST PROCEDURE AND EVALUATION METHOD 


A standard procedure has been established for obtain- 
ing neutron logs for evaluation. Calibration, instrument 
zero, statistical and time constant checks are made 
before and after survey operations. Logs are obtained 
with the sonde centered and then in contact with the 
wall of the borehole. Each run is repeated to obtain a 
quality control. 

When quantitative interpretations are attempted using 
a neutron log, it is desirable to know the accuracy of 
the measurements or the possible errors involved. Con- 
sequently, a method has been devised whereby a semi- 
quantitative determination of the average maximum per 
cent error possible could be established for each of the 
factors evaluated. This value will be referred to as 
“error” for the purposes of this discussion. 


Using this method, the relative effects or significance 
of each of the factors are evaluated in the same units 
and can be compared on a common basis. The errors 
are expressed in percentages and are identified as fol- 
lows. 


E,, is error due to statistical variation, E, is error due 
to borehole diameter variation (6 in. and 9 in.), E, is 
error due to sonde position variation, E, is error due to 
change in the rock composition from limestone to sand- 
stone, and E,, is error due to variation in the salinity of 
the borehole and/or formation fluid. 

With these values obtained for the various conditions 
available in the test wells, it is thus possible to determine 
the relative suitability of neutron systems for specific 
field conditions by consideration of the applicable errors. 
Although generally additive the relative importance of 
each error must be considered and the final analysis 
weighted accordingly. 


Fig. 3 is a schematic presentation of the test runs of 
a hypothetical neutron logging system plotted in the 
conventional manner, ie., the logarithmic plot of poro- 
sity vs the instrument response. The instrument response 
is expressed in terms of response units (RU) so that all 
systems can be normalized to a common basis for com- 
parison and evaluation. The intercept of the decentral- 
ized instrument response in the 6-in. borehole with the 
1 per cent ¢@ line has been selected as the point of 
normalization and this response assigned a value of 
70 response units. 


The details of the method used to evaluate the various 
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Fic. 3—Porosity vs INstruMENT RESPONSE FOR HyPoTHETICAL 
NeuTRON System. 


error components are most readily explained by making 
calculations using the data of Fig. 3. 
~In order to reduce the information to a reasonable 
amount of numerical data, the porosity ranges of 1 to 
15 per cent and 15 to 29 per cent are considered sep- 
arately, and the maximum possible error at the midpoint 
of each of these porosity ranges (8 per cent ¢ for the 
low range and 22 per cent ¢ for the high range) is used 
to determine the error for the porosity range under con- 
sideration. 
For the determination of E,,, the number of response 
units within which the statistical variation will occur 


90 per cent of the time (statistical error) is found for_ 


the instrument response at the midpoint of the porosity 
zone under consideration. This can be obtained using 
the statistical runs made at various counting rates 
without knowing the actual counting rates involved. 
However, caution should be exercised to normalize all 
the runs to one sensitivity. 

Referring to Fig. 3, a sample derivation of the E,, 
will be given for the curve of the 6-in. hole, solid Line 
1, in the low porosity range (1 to 15 per cent porosity). 
For purposes of this example, it will be assumed that 
the statistical error is + 5 per cent. Multiplying this 
value by the instrument response at the average por- 
osity for the range (44.1 RU at 8 per cent porosity) 
gives the average statistical error for the range of 
+2.2 RU. From the signal of 70 RU at 1 per cent 
porosity and 36.3 RU at 15 per cent porosity, we see 
that a 1 per cent change gives an average signal change 
of 2.4 RU per porosity unit over this porosity range, 
where porosity units are introduced to eliminate con- 
fusion between per cent porosity and other percentages. 
The statistical error corresponds to a ¢ unit error of 
+0.92 ¢ units. This value is divided by the average 
porosity for the range (8 per cent porosity) to give an 
E,, of +11.5 per cent. While this figure has been la- 
belled E,, it should be remembered that the statistical 
fluctuations will be even larger than this 10 per cent 
of the time. 

Generally, the slopes of the plots of instrument re- 


sponse vs porosity are not parallel for various hole sizes 
or sonde positions, and the subsequent calculations of 
the other errors were developed for such conditions. 

An example of the determination of the error due 
to borehole diameter variation between 6 and 9 in., E,, 
is shown for the low porosity portion (1 to 15 per cent) 
of the decentralized 6 and 9-in. curves of Fig. 3 (solid 
Lines 1 and 3). The average of the responses of these 
decentralized curves at 8 per cent porosity is determined 
and the porosity spread between the curves at this 
midpoint is measured to be 11.8 ¢ units. The deviation 
from the mean is +5.9 ¢ units. This + porosity spread 
divided by the average porosity (8 per cent) of the 
range being considered gives the E, of +74 per cent. 
The same technique can be applied to the determination 
of the E, for the high porosity range (15 to 29 per 
cent). 

The error due to sonde position variation, E,, is de- 
termined by a method similar to that used for borehole 
size variation. Referring to the 9-in. borehole central- 
ized (dashed Line 3) and decentralized (solid Line 3) 
curves in the high porosity range (15 to 29 per cent) 
of the example shown in Fig. 3, the maximum porosity 
spread between the centralized and decentralized curves 
at the 22 per cent midpoint is determined to be 10.5 ¢ 
units. This value divided by the average porosity (22 
per cent) of the range being considered gives an E, of 
48 per cent. = 

The error due to variation of the salinity of the 
borehole and/or formation fluid, E,,, is determined by 
the same general method as for variation in sonde po- 
sition and hole size. Referring to Fig. 3, the maximum 
porosity spread at the midpoint of the 22 per cent 
porosity line drawn between the decentralized 7/-in. 
borehole fresh (solid Line 2) and salt water (solid 
Line 4) curves is found to be 4.0 ¢ units. This value 
divided by the average porosity (22 per cent) of the 
range gives an E,, of 18 per cent. 

The effect of change in rock composition from lime- 
stone to sandstone, E, is evaluated by a comparison 
of the known porosity of a sand section with the poros- 
ity of a limestone giving the same instrument response 
in the same diameter borehole and sonde position. 


DISCUSSION 


A number of different systems have been run in the 
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test wells. The factors evaluated affected the instru- 
ment response of various systems to different degrees. 
The range of effects that has been observed for the 
individual factors can give some indication of the er- 
ror for each factor. The error inherent in most of the 
factors evaluated is also partly a function of the slope 
of the curve. 

The total signal for any instrument is the result of 
a combination of the effects of the instrument design, 
borehole environment and the environment of the for- 
mation: The effect of these two environments will 
vary for different systems. This variation alters the in- 
strument response to porosity. Fig. 4 illustrates the dif- 
ference in response for several systems when decentral- 
ized in the 6- and 9-in. test wells. For comparison, these 
curves have been normalized to a common point at 1 
per cent porosity. 

Variations in borehole diameter have a significant ef- 
fect” Generally, with an increase in diameter the re- 
sponse is lowered and the instrument is apt to be less 
sensitive to changes in porosity. Fig. 5 illustrates the 
difference in magnitude of the effect of borehole di- 
ameter variation on two different systems. 

Another factor which has a pronounced effect is the 
position of the sonde in the borehole. The effect of 
change of position of the sonde from against the wall 
to a centralized position in the bore is similar to that of 
an increase in borehole size. Fig. 6 illustrates the range 
of this effect on two systems in the 9-in. test well. The 
sensitivity can be expected to be smaller with a de- 
crease in borehole diameter. (The instrument responses 
of the decentralized sondes at the 1 per cent porosity 
intercept have been normalized.) 

The presence of NaCl in the formation and/or bore- 
hole may have an effect on some neutron systems.” Fig. 
7 illustrates how this factor affects the response of two 
different systems in 7!4-in. test wells using a decen- 
tralized sonde. It is to be expected that any decrease in 
the NaCl concentration would reduce the magnitude of 
this effect. 

The difference in composition between a limestone 
and a clean sand has very little effect on the response 
of most systems so that the porosity correlation estab- 
lished in limestone sections may generally be consid- 
ered applicable to clean quartz sands. 

No quantitative determination of the error involved 
with instrument drift has been established for these 
evaluations. However, it is assumed that if any drift is 
observed during a test under ideal laboratory conditions 
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at ambient temperature, there is a distinct possibility of 
instability under field conditions. 


To investigate the effects of cemented casing upon 
instrument response, a joint of 7-in. OD casing, sheathed 
with a uniform layer of typical oilfield cement, has 
been used in the 9-in. bore limestone well. There was 
negligible space between the cement and rock surface. 
The relative effect of the factors evaluated generally 
remained comparable to non-cased conditions. Further 
tests, using decentralized casing, were not made because 
under field conditions there is no way to establish the 
position of the casing and sonde with respect to the 
hole, and even though the effects were accurately 
known, the application of this knowledge would not be 
possible. 


A good calibration method should calibrate the en- 
tire system from source to a recorder, so that the fail- 
ure or partial breakdown of any component part will 
be readily detected. 


CONCLUSIONS 


Instrument response curves obtained from laboratory 
test facilities of this nature should not be used for di- 
rect porosity determinations from field logs until such 
time as their applicability in a given location has been 
demonstrated. If they are not directly applicable, cali- 
bration curves should be developed for each area based 
upon reliable logging and core data.*” 


It is realized that there are many possible alternative 
test facilities and evaluation methods.’ However, those 
presented here will cover adequately and equitably some 
of the important factors affecting neutron log responses. 


It is concluded, from evaluations using this method, 
that the factors which might have the greatest effect 
on the reliability of neutron derived porosities are varia- 
tions in the borehole diameter and in the position of the 
sonde in the hole. 
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Some Thermal Characteristics of Porous Rocks 


WILBUR H. SOMERTON 


ABSTRACT 


Results of experimental measure- 
ments of heat capacities and thermal 
conductivities of some typical porous 
rocks are presented. Measured heat 
capacities agree closely with values 
calculated from known chemical 
compositions of the rocks. On the 
basis of this agreement, heat capaci- 
tiés of fluid-saturated rocks were cal- 
culated. Thermal conductivities of 
the rock samples were measured un- 
der various conditions of fluid sat- 
uration. From these data thermal dif- 
fusivities were calculated. A_ signifi- 
cant variation of thermal diffusivity 
with temperature is indicated. 


INFRODUCTION 


Knowledge of the thermal charac- 
teristics of fluid-bearing porous rocks 
has become increasingly important 
with the development of thermal oil- 
recovery processes. Reliable thermal 
data for petroleum _reservoir rocks 
are not available and approximate 
values are generally assumed for res- 
ervoir calculations. The effects of 
temperature, pressure and fluid sat- 
uration on thermal properties of por- 
ous rocks have not been ~carefully 
studied. 

The purpose of the present work 
was to measure and report the ther- 
mal characteristics of some typical 
porous rocks. A group of eight sedi- 
mentary rock samples, including 
limestone, shale, sandstone and silt- 
stone, was selected for the study. 
Properties reported include heat ca- 
pacities, thermal conductivities and 
thermal diffusivities. The effect of 
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fluid saturation on these properties 
was also considered. 

Determinations of thermal proper- 
ties require: precise measurements 
which are time consuming and diffi- 


cult to-reduce to a routine basis:— 


Methods have not been developed 
for measurement of thermal proper- 
ties under conditions of pressure, 
temperature, and fluid saturation, 
which may be encountered in ther- 
mal recovery processes. As one ap- 
proach to these problems, some pre- 
liminary work on methods of esti- 
mating thermal properties from other 
more readily measurable characteris- 
tics of the rock-fluid system is re- 
ported. 


SAMPLE PREPARATION AND 
PRELIMINARY ANALYSES 


The samples selected for the 
studies were oilfield cores from with- 
in, or closely associated with oil-pro- 
ductive zones. Descriptions of indi- 
vidual samples are given in Table 1. 
Clay minerals present in the samples 
were determined by differential ther- 
mal analysis (DTA). Quartz con- 
tent was estimated from DTA cool- 
ing curves. 

For all but the thermal conduc- 
tivity tests, a representative 200-gm 
sample of each core was disaggre- 
gated, thoroughly extracted in diox- 
ane and oven dried at 100°C. The 
cleaned and dried sample was care- 
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fully split into appropriate portions 
for the several tests. 

Chemical analyses of the samples 
were obtained to permit calculations 
of heat capacities by methods which 
are outlined later. Resuits of chem- 
ical analyses are given in Table 2. 


MEASURED HEAT CAPACITIES 


Heat contents of the test samples 
were measured by a Bunsen-type 
calorimeter. The heat content of the 
unknown sample is measured relative 
to the known heat content of plati- 
num. The apparatus is referred to as 
a relative error type because of the 
comparative measurements, and has 
the advantage of canceling systematic 
errors. Experimental results are re- 
producible within 0.5 per cent. 

A temperature base of 298.16° K 
is taken for heat content measure- 
ments. Measurements were made at 
five temperatures (260, 440, 620, 
800 and 980°F). It was necessary 
to preheat the sample above the maxi- 
mum experimental temperature to 
eliminate volatile constituents. As- 
suming the weight loss on pre-heat- 
ing was mostly water, a correction to 
the observed heat content was made 
to account for the water originally 
present in the sample. This latter pro- 
cedure was followed in the deter- 
mination of calculated heat contents 
as will be described later. The ap- 
paratus and the method of measure- 


TABLE 1—DESCRIPTION OF TEST SAMPLES 


Principal Minerals 
Quartz 


Sample Description Porosity (per cent) Clay Mineral Other 
1—Sandstone Well-cons., med.-coarse grain 0.196 80 Tr. Kaolin. Tr. Pyrite 
2—Sandstone Poor-cons., med.-fine grain 0.273 40 Ilite (?) Feldspars 
3—Silty Sand Poor-cons., poorly sorted 0.207 20 Kaolin. type Feldspars 
4—Silty Sand Medium hard, poorly sorted 0.225 20 Kaolin. type Feldspars 
5—Siltstone Medium hard, broken 0.296 20 Kaolin. type Feldspars 
6—Siltstone Hard 0.199 25 Illite Feldspars 
7—Shale Hard, laminated 0.071 40 Wlite-Kaolin. 
8—Limestone Granular, uniform texture Ca. Carb 
9—Sand Unconsolidated, fine-grained 0.38 100 
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TABLE 2—CHEMICAL ANALYSES OF TEST SAMPLES 


Sample SiO2 AlsO3 MgO CaO NazO  K20 CO» H2O 
1—Sandstone 89.78 6.74 0.78 0.08 0:03.0710:22>, 0:78 0.01 0.23 1.35 
3—Silty Sand 66.02 17.66% 4.01 1.44 = 1.85 —1.03** 745 
4—Silty Sand 67:50 17.66% - 3:24. - 1.70 
5—Siltstone 66104. 18.10%. (4:39) 1-39 1.38'- °1:03** * 
6—Siltstone 66.42 17.01 4.13 1.66 3.02 1.88 0.54 0.17 1.89 3.28 
7—Shale 66.98 15.42 22200297. 3.52 2.78 
8—Limestone 0.30 0.07 07450 55.19 43.77 0.19 


*Reported AlzOs includes TiOz 
**Estimated 


ment employed did not permit heat 
content determination of fluid-satu- 
rated samples. 

Heat capacity is by definition the 
first derivative of heat content with 
respect to temperature. This is repre- 
sented by the slope of the heat con- 
tent vs temperature curve at a given 
temperature. Variations of experi- 
mentally determined heat capacities 
with temperature are shown graph- 
ically in Figs. 1 and 2. The maxi- 
mum deviation of the heat capacities 
between any of the samples at a giv- 
en temperature is less: than 10 per 
cent. The heavy smooth curves of 
Fig. 2 are calculated from heat con- 
tent values from the literature’ for 
pure quartz and pure calcite. It will 
be observed that the limestone curve 
follows closely the calcite curve. The 
quartz-rich sandstone curve closely 
approaches the pure quartz curve ex- 
cept at the two highest temperaures. 
This deviation may be due to ex- 
perimental errors, for at these tem- 
peratures fairly significant differences 
between calculated and experimental 
values of heat content were observed. 
For the remaining samples the heat 
capacity appears to be a function of 
the silica-alumina ratio. In general, 
the lower this ratio the higher is the 


heat capacity. This is not true for the 
shale sample; the high iron content 
in this case appears to have a de- 
pressing effect on the heat capacity. 


CALCULATED HEAT 
CAPACITIES 


According to Kopp’s law the heat 
content of a compound is equal to 
the sum of the heat contents of its 
constituent elements. Extension of 
this law for complex mineral assem- 
blages such as sandstones, shales, and 
limestones was tested in the present 
study. 

Heat-content values for the con- 
stituent oxides of the rock samples 
were obtained from a compilation by 
Kelley’. Applying these values to the 
chemical analyses of the test samples, 
heat contents were calculated at each 
of the experimental temperatures. 
The heat contents for combined 
water were obtained by subtracting 
the heat contents for MgO from those 
for Mg(OH).. Heat contents for CO, 
were likewise obtained by subtracting 
the heat contents of CaO from 
CaCO. Fig. 3 shows a plot of calcu- 
lated vs measured heat content 


1Referenees given at end of paper. 
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values. The broken line is the diago- 
nal representing perfect agreement 
between calculated and measured 
values. The maximum deviation is 
less than 2 per cent. 


HEAT CAPACITY OF FLUID- 
SATURATED POROUS 
ROCKS 


Based on the agreement between 
calculated end measured heat content 
of mineral aggregates, it was as- 
sumed that the heat content of fluid- 
saturated porous rocks may also be 
calculated by a summation of the 
heat content of the rock and fluid 
constituents, on a weight per cent 
basis. No accounting was made for 
heats of evaporation of fluid consti- 
tuents. In reservoir calculations these 
additional heat requirements must be 
considered, but it is suggested that 
separate calculations be made based 
on prevailing temperature and pres- 
sure conditions. 


Heat capacities per cubic foot of 
porous rock are reported in Table 
3. The total volumes of saturating 
fluids per cubic foot of porous rock 
were calculated from the known po- 
rosities of the rock samples. The two 
fluids considered were water and 
methane. Heat capacities and specific 
weights for water were obtained from 
Keenan and Keyes’. Heat capacities 
for methane at atmospheric pressure 
and experimental temperatures were 
obtained by interpolation of API- 
U. S. Bureau of Standards data. 
Values of the heat capacities of 
methane at elevated pressures were 
calculated by methods outlined by 
Edmister.’ 


The effects of methane and water 
saturations on the heat capacity of 
the several rock samples at one tem- 
perature (620°F) are shown in Table 
3. It will be observed that vapor or 
gas saturation has negligible effect 
on heat capacities of rocks. This is 
due primarily to the relatively small 
mass of gas or vapor which can oc- 
cupy the pore space of rocks. The 
presence ofiquids may, on the other 
hand, significantly alter the heat ca- 
pacities of the rocks. The effect of 
liquid- and vapor-phase water satura- 
tion on the heat capacity of sand- 
stone Sample 2 is shown in Fig. 4. 
The presence of liquid water may in- 
crease the heat capacity by 35 per 
cent or more, depending upon the 
prevailing pressures and tempera- 
tures. 


Heat capacity data for crude oils 
at elevated pressures and tempera- 
tures are generally unavailable. From 
reported values at atmospheric pres- 
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sure and temperature, it may be de- 
duced that crude oil saturation will 


increase heat capacity of rocks by © 


about one-half the amount of the in- 
crease by water saturation. 


THERMAL CONDUCTIVITY 


Thermal conductivities of the sev- 
eral rock samples were measured by 
a comparative-type apparatus simi- 
lar to that described by Zierfuss and 
van der Vliet*. To determine thermal 
conductivity, the steady-state heat 
flow characteristics of the test sam- 
ples are compared to those of a 
crown glass standard. The average 
operating temperature at which the 
present measurements were made was 
90°F. 

Samples 1, 6, 7 and 8 were suffi- 
ciently well consolidated to permit 
preparation of the necessary test 
specimens. Samples 2 through 5 were 
either too poorly consolidated or too 
broken to provide satisfactory speci- 
mens. As a consequence, it was nec- 
essary to disaggregate these samples 
to pass a 35-mesh screen and pack 
the loose material into the test cham- 
ber. The original porosities of these 
samples could not be restored by this 
method without causing damage to 
the test chamber. To examine effects 
of repacking on thermal conductivity, 
duplicate tests at constant porosity 
were run on Samples 9 and 10. No 
significant difference was noted for 
Sample 10 and the difference for 
Sample 9 was within the observed 
limits of reproducibility (+5 per 
cent). 

Results of thermal conductivity 
measurements are shown in Table 4. 
The important influence of liquid sat- 
uration on the thermal conductivity 
of porous rocks is apparent. The in- 
crease in conductivity is related to 
the conductivity of the saturating 
fluid. An approximate correlation be- 
tween rock and fluid properties and 
thermal conductivity has been de- 
veloped by Asaad.° This correlation 
may be expressed as follows. 
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ex 

k, 
where K is thermal conductivity of 
fluid-saturated rock, k,is thermal con- 
ductivity of rock solids, k, is ther- 
mal conductivity of the saturating 
fluid, m_is an empirical exponent = 
c X 4, ¢ is fractional porosity, and 
ce is a correlation factor = 1.0. 


The quantity k, is difficult to eval- 
uate. Randomly oriented quartz crys- 
tals in good thermal contact have a 
thermal conductivity of approxi- 
mately 5.0 Btu/hr sq ft ° F/ft’. The 
thermal conductivity of feldspar is 
considerably lower, approximately 1.2 
Btu/hr sq ft°F/ft. Asaad proposed 
the extrapolation of a logarithmic 
plot of K vs k, data, for the same 
core saturated with fluids of different 
conductivities, until K = k.. The 
value obtained is assumed to be the 
thermal conductivity of the rock sol- 
ids. This procedure was followed for 
several of the test samples, where 
there were sufficient data, and the re- 
sulting k, values are shown in Table 


5. It will be observed that the quartz- 
rich samples show values of k, close 
to that of pure quartz crystals. The 
feldspar-rich samples give values 
closer to that of feldspar. 


The exponent m and the factor c 
have also been evaluated and are 
reported in Table 5. A value of c 
close to unity applies generally to the 
unconsolidated samples, but a marked 
deviation from unity is observed for 
the consolidated samples. This devia- 
tion cannot be explained entirely on 
the basis of differences in mineral 
composition’ as was proposed by 
Asaad. It would appear likely that 
a factor related to the structural 
characteristics of the rock matrix 
would improve the correlation. 

Assuming a value of c equal to 
unity, conductivity values for the 
disaggregated samples at original po- 
rosities were estimated. These values 
are shown in parentheses in Table 6. 


The present apparatus did not per- 
mit thermal conductivity measure- 
ments at elevated pressures or tem- 
peratures. Early work by Birch and 
Clark’ indicated that the thermal con- 
ductivity of most minerals and rocks 
decreases markedly with increased 


temperature. Results reported for a 


quartzitic sandstone and a limestone 
have been reproduced in Fig. 5. In- 
creased overburden pressure should 
improve grain contact and increase 
thermal conductivity. 


THERMAL DIFFUSIVITY 


In nonsteady-state conduction of 
heat in a body, the temperature and 
temperature distribution are con- 
trolled by the thermal conductivity 
and the thermal storage capacity of 


TABLE 3—CALCULATED HEAT CAPACITIES OF FLUID-SATURATED ROCKS 
(Heat Capacity at 620°F and Pressure Indicated—Btu/cu ft/°F) 


14.7 Psia ‘500 Psia 1,500 Psia 3,000 Psia 
Sample Dry Methane Water Methane Water Methane Water Methane Water 
1—Sandstone 34.0 34.0 34.0 34.1 34.1 34.3 34.9 34.6 45.9 
2—Sandstone 32.9 32.9 32.9 33.0 33.0 Sere 34.0 33.7 47.6 
3—Silty Sand 35.6 35.6 35.6 3507. 35.7 36.0 36.5 36.3 49.1 
4—Siliy Sand 33.5 33.5 33.5 33:5 33.6 33.9 34.5 34.3 48.3 
5—Siltstone 32.0 32.0 32.0 32.1 32.1 32.5 33.2 32.9 48.7 
6—Siltstone 33.6 33.6 33.6 33.7 SEA 34.0 34.6 34.3 47.7 
7—Shale 39.6 39.6 39.6 39.6 39.6 39.7 40.0 39.9 40.1 
8—Limestone 35.4 35.4 35.4 35.5 35.5 35.7 36.2 36.0 46.8 
TABLE 4—MEASURED THERMAL CONDUCTIVITIES AT 90°F | 
(Thermal Conductivity—Btu/Hr sq ft °F/Ft) 

Sample Porosity Air oilt Water? Oil and Water? 
1—Seondstone 0.196 0.507 0.787 1.592 1.425 
2—Sandsione* 0.4 0.285 0.577 1.050 aE 
4—Silty Sand* 0.43 0.261 0.625 
5—Siltstone* 0.36 0.338 0.553 1036 
6—Siltstone 0.199 Core 
7—Shale 0.071 O75. 
8—Limestone 0.186 0.983 1.245 2.050 1.690 
9—Sand (Fine) 0.38 0.362 (0.80) 13590," 

10—Sand (Coarse) 0.34 0.322 0.950 13775 

1Light lubricating oil, kz = 0.077 
2Distilled water, ke = 0.353 : 
3Approximaiely 35 per cent water—65 per cent oil 
4Disaggregated samples 
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the body. Thermal diffusivity, an 
expression of the latter quantities, is 
defined as the ratio of thermal con- 
ductivity to the product of weight 
density and heat capacity. In many 
engineering applications, this quan- 
tity is considered to be a constant 
for a given material’. 

Thermal diffusivities for the rock 
samples tested have been calculated 
and are shown in Table 6. Values 
were calculated for the cores fully 
saturated with air and with water at 
atmospheric pressure and tempera- 
ture of 90°F. Since heat capacity 
increases with temperature and ther- 
mal conductivity for rocks may be 
assumed to decrease with increased 
temperature, the effect of tempera- 
ture on diffusivity may be large. The 
present data did not permit evalua- 
tion of this variation because of the 
lack of thermal conductivity data at 
elevated temperatures. However, cal- 
culations were made for a dry quart- 
zitic sandstone based on thermal con- 
ductivity data from Birch and Clark’ 
and heat capacity data from Kelley’. 
Results of the calculations are shown 
graphically in Fig. 6. 


CONCLUSIONS 


1. Heat capacities of rocks may be 
calculated from chemical analyses 
with considerable accuracy. Reason- 
able estimates of heat capacity can 
be made from a knowledge of the 
mineral content. In-general, quartz- 
rich rocks display lower heat capac- 
ities than do rocks with high feldspar 
and clay content. 

2. Calculated heat capacities of 
fluid-saturated rocks show that gas 
or vapor saturation has minor effect 
on heat capacity. Liquid water sat- 
uration may increase the heat capac- 


TABLE 5—CALCULATED CORRELATION VALUES 
Sample ky m c 


1—Sandstone 0.460 0.196 2.3 
2—Sandstone 29) 0.395 0.40 1.0 
4—Silty Sand 2.3 0.385 0.43 0.9 
5—Siltstone 0.410 0.36 Vel 
8—Limestone 4.8 0.325 
9—Sand (Fine) 5.4 0.445 0.38 Tez 
10—Sand (Coarse) 5.4 0.410 0.34 1.2 
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TABLE 6—CALCULATED THERMAL DIFFUSIVITIES 


Thermal Diffusivity 


Bulk Densit Heat Capacity Thermal Conductivity 

(Ib/cu ft). (Btu/Ib/°F) (Btu/hr sq ft °F/ft) (sq ft/hr) 
Sample Air Water Air Water Air Water Air woe 

1—Sandstone 130 142 0.183 0.252 0.507 1.592 0.0213 . 
2—Sandstone 90 115 0.200 0.374 0.285 1.050 0.0158 ee 
(Original) 109 126 0.200 0.308 (0.34)* (1.32) (0.0156) ee 
3—Silty Sand 90 115 0.202 0.376 0.285 (1.05) 0.0157 (0. aah 
(Original) 119 132 0.202 0.288 (0.40) (1.50) (0.0167) ee aft 
4—Silty Sand 85 112 0.200 0.393 0.261 1.110 0.0153 Ry 
(Original) 116 130 0.200 0.286 (0.47) (1.51) (0.0202) (0. ) 
5—Siltstone 96 118 0.202 0.351 0.338 1.036 0.0174 0.0250 
(Original) 105 123 0.202 0.318 (0.44) (1.29) (0.0207) (0.0329) 
6—Siltstone 120 132 0.204 0.276 0.396 (1.51) 0.0162 (0.0414) 
7—Shale 145 149 0.192 0.213 0.603 0.975 0.0216 0.0307 
8—Limestone 137 149 0.202 0.266 0.983 2.050 0.0355 0.0517 
9—Sand (Fine) 102 126 0.183 0.339 0.362 1.590 0.0194 0.0372 
10—Sand (Coarse) 109 130 0.183 0.315 0.322 1.775 0.0161 0.0433 


*Values in parentheses estimated 


ity by more than 35 per cent, de- 
pending on the prevailing tempera- 
ture and pressure and the porosity of 
the rock. Crude oil saturation may 
be expected to increase heat capacity 
by about one-half of this amount. 


3. Considerably more work is 
needed to correlate thermal conduc- 
tivity of fluid-saturated rocks with 
other characteristics of the rock and 
the saturating fluid. High quartz con- 
tent rocks with good grain contact 
display higher thermal conductivities 
than do rocks with high feldspar and 
clay mineral content and poorer grain 
contact. Liquid saturation increases 
thermal conductivity markedly; the 
amount of increase is dependent upon 
the thermal conductivity of the satu- 
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rating fluid. The influence of ele- 
vated pressures and temperatures on 
thermal conductivity was not investi- 
gated but earlier work’ indicated that 
these effects could be large. In gen- 
eral, the thermal conductivity of 
rocks decreases with increased tem- 
perature. 


4, Calculations show that thermal 
diffusivity is very sensitive to tem- 
perature changes, decreasing with in- 
creased temperature. Additional work 
is needed to evaluate the influence 
of elevated temperatures and pres- 
sures on the thermal diffusivity of 
fluid-saturated rocks. 
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Bubble Point Pressure Correlation 


ABSTRACT 


A correlation of the bubble point 
pressure for black oil systems is de- 
veloped using the standard physical- 
chemical equations of solutions. The 
- correlation is based on 158 experi- 
mentally measured bubble point pres- 
sures of 137 independent systems 
and_is expressed in terms of the 
usually measured field parameters— 
flash separation gas-oil ratio, tank oil 
gravity, total gas gravity, and reser- 
voir temperature. 


The data were obtained on sys- 
tems produced in Canada, Western 
and Mid-Continental United States, 
and South America. The average er- 
ror (algebraic) in the representation 
is 3.8 per cent, and the maximum er- 
ror encountered is 14.7 per cent. 


INTRODUCTION 


In the absence of experimentally 
measured properties of reservoir 
fluids, it is often necessary for the 
field engineer to make estimates re- 
garding the fluid properties based on 
the usually measured producing pa- 
rameters. To aid in these estimations, 
various correlations have appeared in 
the literature in recent years. Among 
the pertinent properties of interest is 
the bubble point pressure. A correla- 
tion for this parameter has been re- 
ported by Standing’. However, this 
correlation was based essentially on 
California produced crudes and this 
limitation was pointed out with its 
presentation. The correlation pre- 
sented in this paper utilized data on 
crude oil systems from Canada, Wes- 


Original manuscript received in Society 
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tern and Mid-Continental United 
States, and South America. 


CORRELATION DEVELOPMENT 


= 


The basic assumption used in this— 


development is the same as employed 
by Standing’, 

Poe A(R, Yo YT). (1) 
There is a wide variety of ways to 
combine these parameters; however, 
in this instance the combination was 
made on the basis of Henry’s law’. 
Accordingly, the relationship pro- 
posed is 

Although Eq. 2 defines an individual 
system, it is of limited value since H’ 
is a function of gas-phase composi- 
tion and the system temperature. 

It was observed that for the sys- 


tems where the bubble point was 


measured at several temperatures that 
the ratio of the bubble point pres- 
sures and the ratio of the correspond- 
ing absolute temperatures (°R) were 
practically identical. Thus, for cor- 
relation purposes the bubble point 
pressure may be taken as a direct 
function of the absolute temperature. 
This relation is valid only for those 
systems that are not near the critical 
point. Accordingly, this correlation 
will be inadequate for systems in the 
region of the critical point. 

The solubility of the various hy- 
drocarbons found in the gas phase 
increases with the molecular weight. 
Thus, the saturation pressure should 
be inversely related to the gas grav- 
ity. 

Applying these principles to Eq. 2 
and rearranging terms gives: 


The variables on the left side of 

Eq. 3 were designated as the “bub- 
ble point pressure factor”. 


Ng 
(4) 


The number of mols. of tank oil 
per barrel is a function of the “mo- 
lecular weight” of the tank oil. Al- 
though the tank oil is a complex mix- 
ture, it was assumed for the purposes 
of this correlation that a unique mo- 
lecular weight could be assigned to a 
given oil. This was designated as the 


“effective molecular weight”, and was 


related to the oil gravity, 
(5) 

This empirical relationship was 
developed simultaneously with the 
correlation by assuming values of M, 
and working to obtain a smooth 
curve for both the correlation and 
the effective molecular weight. The 
relationship between the oil gravity 
and the effective molecular weight 
used in this correlation is shown in 
Fig. 1. 

The effective molecular weight is 
somewhat higher than the molecular 
weight of the C,, fraction. The dif- 
ference between these values is larg- 
est for the low-gravity systems. It is 
noted that this effective molecular 
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weight relationship corresponds 
closely to that given for crude oil 
systems with a UOP characterization 
factor’ of 11.8. 


The relationship between the bub- 
ble point pressure factors calculated 
from the experimental data and the 
gas mol fraction is shown graphically 
in Fig. 2. Representative values of 
the curve are given in Table 1. Since 
the representation of Fig. 2 is not a 
linear function of the variables, H 
is not a constant. Thus, a simple 
analytical expression was not ob- 
tained, and it is necessary to rely on 
the graphical representation of Fig. 
2 to obtain p, from y,. 


The bubble point pressure for a 
given gas-oil system may be obtained 
from the correlation by the utiliza- 
tion of Figs. 1 and 2. The effective 
molecular weight is established from 
the crude oil gravity, Fig. 1, and the 
gas mol fraction is obtained from the 
following equation. 


| 
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5.25 =) 
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oD 
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TABLE 1—SMOOTHED BUBBLE POINT FACTOR 
F 


UNCTION 
Gas Mol Bubble Point 
Fraction Pressure Factor 
0.05 0.17 
0.100 0.30 
0.150 0.43 
0.200 0.58 
0.250 0.75 
0.300 0.94 
0.350 1.19 
0.400 1,47 
0.450 1.74 
0.500 2.10 
0.550 2.70 
0.600 3.29 
0.650 3.80 
0.700 4.30 
0.750 4.90 
0.800 5.70 
0.850 6.70 
(6) 
350 
R/379.3 + 
M, 


The value of the gas mol fraction 
is applied in Fig. 2 to obtain the 
bubble point pressure factor. The 
bubble point pressure is calculated 
by use of the following equation 


(p(t + 459.6) 


Yo 


The 158 experimentally deter- 
mined bubble point pressures of the 
137 independent crude oil systems 
were compared with the values pre- 
dicted by the correlation. This com- 
parison showed an algebraic devia- 
tion of 3.8 per cent. Approximately 
21 per cent of the data points show 
a deviation of 0.5 per cent, and 80 
per cent have a deviation of less 
than 6.5 per cent. The maximum er- 
ror encountered was 14.7 per cent. 


The ranges of the field measured 
parameters covered in this correla- 
tion were as follows. 


(7) 


b 


Bubble point pressures 48-5780 psia 
Flash gas-oil ratios 3-2905 cu ft/bbl 
Tank oil gravities 17.9-51.1° API 
Total Gas gravities 

(air = 1.0) 0.574-1.223 
Reservoir temperatures 82-272°F 


Separator stages 

(stock tank = 1) 1-3 
Separator temperatures 34-106°F 
Separator pressures 15-605 psia 


This correlation was based on sys- 
tems essentially free of non-hydro- 
carbon material. The presence of 
large amounts of nitrogen, carbon 
dioxide, hydrogen sulfide, etc., will 
result in the predicted bubble point 
being low. The following is given as 
a guide to the effect of the presence 
of non-hydrocarbon materials. 


Error in 

Per Cent Predicted po 
Component of Gas (Per Cent low) 
Carbon dioxide 9.1 5.0 
Hydrogen sulfide Sel 
Carbon dioxide 
Nitrogen 2.5 
Carbon dioxide 0.3 ee 


A calculation chart has been pre- 
pared based on this correlation that 


permits rapid graphical evaluation of 
the predicted bubble point. This cal- 
culation chart is shown in Fig. 3. 
The error distribution using the cal- 
culation chart is essentially the same 
as found for the correlation. 


CONCH 


The correlation is generally appli- 
cable to a large number of producing 
areas and provides a rapid method of 
estimating the bubble point pressure 
of crude systems with a reasonable 
degree of accuracy. 


NOMENCLATURE 


= function 

y, = total gas gravity (air = 1.0) 
y, = tank oil specific gravity 
H’ 


general Henry’s law constant 


H = specific Henry’s law constant 
(independent of gas com- 

position and temperature) 

M, = effective molecular weight of 


tank oil 
n, = mols of gas 
n, = mols of tank oil 
y, = mol fraction of gas 
Pp» = bubble point pressure, psia 
p, = bubble point pressure, factor 


R = total flash separation gas-oil 
ratio, cu ft/bbl (measured 
at 60°F) 

T = tank oil gravity, (cor- 
rected to 60°F) 

t = temperature, °F 


ll 


absolute temperature, °R 


ACKNOWLEDGMENT 


The author is indebted to C. A. 
Connally and L. G. Sharp for their 
many helpful suggestions pertaining 
to the phase behavior of fluids, and 
to the Magnolia Petroleum Co. for 
permission to publish this work. 


REFERENCES 


1. Standing, M. B.: Drill. and Prod. 
Prac., API (1947) 275. 


2. Hougen, O. A., and Watson, K. M.: 
Chemical Process Principles, John 
Wiley & Sons, Inc., N. Y. (1943) 1, 
146. 


3. Watson, K. M., and Murphy, G. F.: 
Ind. Engr. Chem. (1935) 27, 1460. 
tk 


PETROLEUM TRANSACTIONS, AIME 


8 
12 ? 


“WISd $292 — LHOIY LV ATIVLNOZIYOH 


BHL 3NIT ALIAVYD \8'O AHL OL ATIVOILYSA YF 
MON ‘3NI7 40002 3H1 OL ATTVINOZIYNOH 09 


| 
% 
MON ‘IdV 4O ALIAVYD TIO NV OL 3NI7 7198 | 


713 ND OOS 3HL ONOIV ATIVLINOZIYOH G3390¥d 


AYVHD 3H1 3GIS 1437 3HL LV ONILYVIS WY, Ol 
V7, A 7 SI 
ALIAVYUD SVD V YZ LIAL 


GNV ‘idvV 00€ 40 ALIAVYD 110 V 
714ND- 00S 4O OllvVY 110 SV9 
V ONIAVH 4.002 Lv GINdIT Vv WA 
31dWVX3 


S 
S 
8 
oy, 


fo) 
ING 
S 
~ 
g 


fe) 
8 

NX 

INQ 
79 


(4.09) IdVo 
ALIAVYS TIO 


N 


VISd 3YNSS3Yd LNIOd 
| 
\ 
ie) 


‘AUNSSIUg LNIOg JIANG NOILVINIIV) YOd LUVHD—* “91g 


3381 


1958 


VOL. 213, 


EN 
NNN 
N 
ISS 
bo 


T.N. 2010 


Laboratory Evaluation of Prospective Enriched 


ASSOCIATE MEMBER AIME 


JUNIOR MEMBER AIME 


CNTR ODUCTION 


Much attention has been given in 
the past few years to methods of in- 
creasing the recovery of oil from 
proven reserves. Numerous labora- 
tories have made investigations to 
evaluate the possibilities of increased 
oil recovery by high-pressure injec- 
tion of dry gas, injection of a pro- 
pane slug followed by dry gas, sol- 
vent flooding, and by the injection at 
relatively low pressures of gases en- 
riched with ethane and propane. Sev- 
eral years ago, Whorton and Kie- 
schnick’ published the results of lab- 
oratory studies on high-pressure gas 
injection which showed that, in the 
case of light oils, recoveries could 
be considerably increased by sweep- 
ing the reservoir with dry gas at 
pressures in excess of 3,000 psig. The 
increase was attributed by those au- 
thors to the vaporization of oil at 
the invading gas front and viscosity 
and solubility effects produced at the 
front by the invading gas. 

Later, Stone and Crump’ presented 
the results of a series of displacement 
experiments in which a light under- 
saturated crude oil was displaced 
from sand-packed columns with un- 
usually high recoveries when the dis- 
placing gas was a rich condensate or 
a dry gas enriched with ethane or 
propane. They also conducted simi- 
lar experiments at higher pressure on 
heavy undersaturated crude oil, al- 
though in this case the increase in 
recovery was not as great as in the 


Original manuscript received in Society of 
Petroleum Engineers office July 19, 1957. 
Revised manuscript received April 14, 1958. 
Paper presented at 32nd Annual Fall Meeting 
of Society of Petroleum Engineers in Dallas, 
Tex., Oct. 6-9, 1957. 

1References given at end of paper. 
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case of the light oils. In both cases, 
viscosity reduction and swelling of 
the by-passed oil behind the invading 
gas front were believed to be re- 
sponsible for the more favorable re- 
covery of the original oil in place. 
Within the past year, other investi- 
gators™* have presented the results 
of laboratory studies of miscible slug 
and solvent flooding recovery pro- 
cesses. This paper describes the lab- 
oratory methods developed for evalu- 
ating benefits to be obtained by en- 
riched gas drive in specific reser- 
voirs, and presents the results of sev- 
eral displacements of crude oils 
which possess a wide range of phys- 
ical properties. The displacements 
were conducted at reservoir condi- 
tions of temperature and pressure. 


‘DESCRIPTION OF THE 
APPARATUS AND 
PROCEDURE 


The apparatus used in the follow- 
ing experiments consisted of a sand- 
packed tube which served as the 
model reservoir, a cylinder of injec- 
tion fluid, and a mercury pump. The 
stainless steel tube, 8 ft long and 
0.53 in. ID, was packed with a 
graded quartz sand. The high-pres- 
sure pump discharged mercury into 
the bottom of the injection fluid cyl- 
inder at a constant rate as low as 1 
cc/hr. The average porosity and per- 
meability of the sand column were 
34.6 per cent and 3.25 darcies, re- 
spectively. In each case the tube was 
charged by the displacement of salt 
water by the reservoir oil under con- 
sideration. 


HUMBLE OIL & REFINING CO. 


EVALUATION OF OIL 
RECOVERY FROM 
FOUR FIELDS 


Recently a project was initiated to 
evaluate oil recovery by enriched gas 
drive from three oil reservoirs. Sam- 
ples from a fourth reservoir (in this 
case high-viscosity oil) were studied 
with a view to obtaining recovery in- 
formation of general applicability to 
low-grade, high-viscosity crudes. The 
oils from these four reservoirs ex- 
hibited a wide range of physical prop- 
erties, and the reservoir conditions of 
pressure and temperature simulated 
in the laboratory represented several 
typical field conditions under which 
enriched gas drive might be em- 
ployed. 


INTERMEDIATE-GRAVITY 
CRUDE 


One of the reservoirs selected for 
laboratory displacement experiments 
produced an intermediate-gravity 
crude (29.6° API) by solution gas 
drive and a weak water drive. A low 
recovery in the range of 10 to 20 
per cent was anticipated. Four dis- 
placement experiments were made 
to determine the effect of injection 
gas composition and initial gas satu- . 
ration upon recovery of oil from the 
laboratory model. 


Two types of reservoir oil were 
used in these experiments. In the 
first run, a desaturated crude with a 
bubble point of 395 psi was charged 
to the tube. In the three subsequent 
runs, a simulated original reservoir 
oil was charged at 2,000 psi and 
produced by solution gas drive to 
300 psi before beginning gas injec- 
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tion. The properties of this oil are 
shown in Table 1 as Oil A. 

Three different gases were used 
for this series of displacements. The 
first two runs were made using a 
mixture of propane and a low-pres- 
sure separator gas containing 9.3 
per cent propane and heavier. The 
third run was made with the low- 
pressure separator gas alone. The 
fourth run utilized a slug of enriched 
gas driven by a dry plant residue gas 
containing 0.5 per cent propane plus. 


There was little difference in re- 
covery between the first two runs. In 
Run 1, a gas saturation did not exist 
in the tube at the start of gas injec- 
tion, but in Run 2, a gas saturation 
was present. These results are shown 
in Table 2. They indicate that in 
both cases the invading enriched gas 
was sufficiently miscible with the oil 
to produce conditions necessary for 
high recovery. The results of Runs 3 
and 4 are also shown in Table 2. In 
Run 3, oil was displaced with sep- 
arator gas alone to serve as a basis 
for comparison with the enriched gas 
displacements. In Run 4, in which 
the enriched injection gas was in- 
“troduced as a slug followed by plant 
residue gas, a high recovery was 
achieved at one pore volume gas in- 
jected. This was attributed to the 
lower injection rate used in this run; 
the low rate permitted more nearly 
complete equilibrium to be estab- 
lished between the invading gas and 
the resident fluid. 


HIGH-GRAVITY CRUDE 


A series of 16 displacements were 
made from the sand-packed model 
reservoir by using a high-gravity, 
low-viscosity crude oil from a reser- 
voir partially pressure depleted by a 
combination of water and dissolved 
gas drive. These displacement experi- 
ments investigated the effect of pres- 
sure, gas composition, slug injection, 
water flooding prior to gas injection, 
and injection rate in the laboratory 
model upon recovery of oil. The re- 
sults of nine of the more interesting 
of these runs are reported here. 

Properties of the reservoir oil sam- 
ples used in these experiments are 
given in Table 1 as Oils B and C. 
The first of these two samples rep- 
resented the oil existing in the reser- 
voir at the present time. The second 
sample represented a simulated origi- 
nal reservoir fluid. 


DISPLACEMENT WITH No AES 
Gas SATURATION 

In the first three displacements, 
the sand-packed tube was charged 
1958 


Chi 


TABLE 1—PROPERTIES OF CRUDE OILS 


A B (e D E 
Mol Mol Mol Mol Mol 
Component Per cent Per cent Per cent Per cent Per cent 
Methane 29.26 39.37 43.81 7.18 2.40 
Ethane 4.22 4.71 4.72 0.63 0.28 
Propane 4.99 2.98 2.86 0.84 0.88 
lso-Butane 1.29 0.97 0.91 0.79 0.83 
n-Butane 3.32 0.90 0.85 0.85 1.69 
Iso-Pentane 2.29 0.87 0.80 0.52 1.96 
n-Pentane 1.72 0.83 0.76 0.96 2.00 
Heavier Fraction 52.91 49.37 45.29 88.23 89.94 
Total 100.00 100.00 100.00 100.00 100.00 
GOR, cu ft/bbl 35 60 747 38 11 
Saturation pressure, psig 1,650 2,52 3,190 300 90 
(150° F) (190° F) (190° F) (151° F) (147° F) 
Viscosity at saturation pressure, cp P| 0.3 0.260 19.0 26.8 
Gravity, °API 29.6 39.3 39.0 21.5 21.9 


TABLE 2—RESULTS OF DISPLACEMENTS USING INTERMEDIATE-GRAVITY CRUDE (30° API) 


Final Conditions 


At One Pore 


Displace- 
Saturation ment Volume Gas 
Run pressure pressure Recovery GO Recovery GO gas 
No. (psi at 150° F) Injection gas* (psi) (Per cent) (cu it/bbl) (Per cent) (cu 7 eb injected 
1 395 Separator gas + 2,000 60.7 2,200 86.3 65,900 2.95 
41 per cent propane 
Z 1,650 Separator gas + 2,000 59-8 ** 1,600 93.3 31,910 2.60 
41 per cent propane 
3 1,650 Separator gas 2,000 — 40.4** 4,700 51.9 20,560 2.35 
4 1,650 0.46 pore volume 2,000 USA 300 88.2 27,300 1.39 
of 49 per cent Ci — 
20 per cent C2 — 
31 per cent C2 — 
followed by 
plant residue 
gas 
*AIl gas analyses are given on mol per cent basis. 
**\Includes oil recovery by dissolved gas drive from 2,000 to 300 psi. 
TABLE 3—RESULTS OF DISPLACEMENT USING HIGH-GRAVITY CRUDE (39° API) 
Final Conditions 
At One Pore Pore 
Saturation Displacement _ Volume gas volumes 
Run pressure pressure Recovery OR Recovery GOR gas 
No. (psi at 190° F) Injection fluid (psi) (Per cent) (cu Shan (Per cent) (cu ft/bbl) injected 
5 2,520 Separator gas 2,550 25.5 9,750 30.9 39,400 1.80 
6 2,520 Separator gas 3,500 43.6 10,000 47.1 88,300 1.49 
df 2,520 60 per cent sep- 3,000 87.0 2,700 90.2 10,200 1.20 
arator gas — 30 
per cent C2 — 
10 per cent C3 
8 3,190 80 per cent sep- 3,000 AT. os 6,800 50.2 11,300 1.23 
arator gas — 20 
per cent C2 
9 3,190 59.1 per cent sep- 3,000 75,5* 3,200 81.2 28,000 1.38 
arator gas — 40.9 
per cent C2 
10 3,190 63.9 per cent sep- 2,000 79.5* 1,170 91.7 40,900 Merle 
arator gas — 36.1 
per cent C3 
11 3,190 1.13 P-V water 2,000 872° * 800 97.9 10,600 1.37: 
followed by 48.5 
per cent separator 
gas — 51.5 per 
cent Cz 
12 3,190 0.52 P-V slug of 2,000 84.5* 830 99.8 15,540 1.50 
% 50 per cent separator 
gas — 17.5 per cent 
C2 — 32.5 per cent 
C3 followed by sep- 
arator gas 
13 3,190 0.10 P-V slug of 2,000 81.0* 2,850 84.0 15,930 1.18 


50 per cent separator 
gas — 17.5 percent 
Cz — 32.5 per cent C3 
followed by separator 
gas 


*Includes oil recovery by dissolved gas drive from 3,190 to 2,000 psi. 
**Includes oil recovery by dissolved gas and water drive, 68.7 per cent. 


with the oil sample having a bubble 
point of 2,520 psi. The first displace- 
ment was made with a field separator 
gas at 30 psi above the bubble point 
of the oil, and the second displace- 
ment was made at nearly 1,000 psi 
above the bubble point. The field 
separator gas contained 2.5 per cent 
propane and heavier. From the re- 
sults of these displacements (Runs 
5 and 6) shown in Table 3, it can 
be seen that increased recovery 
was obtained at the higher pressure. 
These recovery figures provided a 


basis for evaluating the effectiveness 
of the enriched eee experiments 
which followed. 

A third gas drive in Shieh the dis- 
placing gas was a combination of 
separator gas, ethane, and propane 
was made on the 2,520-psi bubble 
point oil. This mixture was injected 
at 3,000 psi and at a rate calculated 
to advance the gas front about 4 ft/ 
day. The results shown in Fig. 1 in- 
dicate that at 3,000 psi this mixture 
is fairly effective in displacing the 
oil from the sand-packed tube. 
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Fluid Injected: Initial Reservoir Oil Volumes: 


Fic. 1—Per Cent Recovery vs VOLUME 
or Fiuip InsECTED—HIcH-GRAVITY CRUDE. 


DISPLACEMENT WITH INITIAL 
Gas SATURATION 


In the remainder of the runs using 
high-gravity crude, a 3,190-psi bub- 
ble point oil (Oil C) was charged to 
the tube and then was produced by 
dissolved gas drive until the pressure 
had declined to 2,000 psi. At this 
point, displacement experiments were 
conducted with the enriched gases. 


Two runs (Runs 8 and 9) were 
conducted with ethane as the enrich- 
ing agent added to field separator 
gas. The effect of the ethane content 
of the gas can be seen in Table 3. 


In order to obtain some idea of the 

relative effectiveness of propane as 
an enriching component compared to 
ethane, a run was conducted using 
propane with separator gas. The re- 
sults of the experiment (Run 10), 
which was made at 2,000 psi, are 
shown in the table. At this pressure, 
36.1 per cent propane was more 
effective than 40 per cent ethane at 
3,000 psi. 
_ It was of interest to know what ef- 
fect water flooding a sand prior to 
enriched gas injection would have on 
recovery. Accordingly, Run 11 was 
conducted by flooding the sand- 
packed tube with formation water af- 
ter production of 19.5 per cent of 
the oil by solution gas drive. Water 
was injected continuously at 2,000 
psi until no further oil was found in 
the effluent. A mixture of propane 
and separator gas was then injected 
at 2,000 psi. Although a considerable 
volume of water was produced after 
gas injection started, final oil recov- 
ery was high. These results indicate 
that high recoveries are possible by 
enriched gas drive even though sands 
have been previously invaded by 
water. 

Runs 12 and 13 involved inject- 
ing enriched gas slugs at 2,000 psi 
and driving these slugs with separa- 
tor gas. From Fig. 2, where per 
cent recovery is plotted vs pore vol- 
umes gas injected, it can be seen 
that the smaller slug gave a signifi- 
cantly lower recovery in the model 
reservoir. 
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LOW-GRAVITY CRUDE 


The third reservoir studied pro- 
duced a low-gravity (22° API), high- 
viscosity crude oil and was in an ad- 
vanced stage of depletion by a com- 
bination dissolved gas and water 
drive. A series of three displacements 
were made to investigate under simu- 
lated reservoir conditions the effect 
of displacement pressure and gas 
composition on recovery from the 
sand-packed tube. For each of the 
three runs (Runs 14, 15, and 16), 
the sand-packed tube was charged 
with a simulated reservoir oil. The 
properties of this oil are given in 
Table 1 as Oil D. 

Two injection gas mixtures were 
used in the three displacements. One 
displacement was made at the de- 
pleted pressure of the reservoir, and 
two displacements were made at the 
original reservoir pressure. For the 


_ first and third displacements, a mix- 


ture containing ethane and propane 
was used. In the second displace- 
ment, a mixture was injected which 
consisted of a dry plant residue gas, 
ethane, and propane. 

The results of these displacements 
are tabulated in Table 4 and are pre- 
sented in Fig. 3 where the per cent 
recovery is plotted vs the pore vol- 
umes of fluid injected. Inasmuch as 
the water percentage in the produced 
fluid from this reservoir is 25 per 
cent, water was injected prior to gas 
in the model until the fluid produced 
was approximately 25 per cent water. 
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Produced by water 


% of Original 


Stock-tank Oil Recovered: 


In the first run, the model reser- 
voir was charged and the displace- 
ment made at 300 psi. Total recov- 
ery obtained by both water flooding 
and gas drive amounted to 65 per 
cent. The second run was made with 
the methane-ethane-propane mixture 
at 1,800 psi. Although the gas used 
contained less of the enriching com- 
ponents, a higher recovery was ob- 
tained apparently because of the in- 
creased solubility of the gas in the 
oil. 

The third run was made at 1,800 
psi with the same ethane-propane 
mixture used for the first run. At the 
pressure and temperature of the run, 
the ethane-propane mixture was in 
the liquid state, and the displacement 
process could be termed a solvent 
flood. As anticipated under these 
conditions, complete recovery of the 
oil was obtained. 


HIGH-VISCOSITY, UNDER- 
SATURATED CRUDE 


In order to determine what effect, 
if any, undersaturation had on the 
recovery of low-gravity, asphaltic 
crude oil, two displacements were 
made with this type of oil saturated 
at different pressures. The properties 
of the wellhead sample saturated at 
90 psi are given in Table 1 as Oil E. 


For the first run (Run 17), the 
saturation pressure of the wellhead 
sample was increased to 1,500 psi by 
the addition of methane. This sam- 
ple had a GOR of 189 cu ft/bbl of 
22.2° API gravity oil, and its vis- 


TABLE 4—RESULTS OF DISPLACEMENTS USING LOW-GRAVITY CRUDE (22° API) 


At end 

water 
Displacement injection 
recovery Recovery GOR R 
(per cent) (Per cent) (cu ft/bbl) (Per cent) (cu ft/bbl) 


Saturation 
Run pressure Injection pressure 
No. (psi at 151° F) fluid (psi) 


Volume Gas Injected 


Fina! Condiitons 


At One Pore Pare 


volumes 


Recovery GO gas 


injected 


14 300 0.51 P-V 300 48.0 
water fol- 
lowed by 30 
per cent 

Co = 70 
per cent C3 
0.51 P-V 
water fol- 
lowed by 48.4 
per cent resi- 
due gas — 
15.1 per cent 
per cent Cg 
0.46 P-V 
water fol- 
lowed by 30 
per cent C2 — 
70 per cent Cs 


1,800 46.8 


1,800 45.4 


54.2 580 65.2 10,300 3.45 


3,200 85.3 69,143 1:59, 


99.8 10,000 100.0 28,040 1.12 
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cosity at the displacement conditions 
of 1,700 psi and 147°F was 12.4 cp. 
The gas used in this displacement 


was a methane-propane mixture. 

In the second run (Run 18), the 
wellhead sample saturated at 90 psi 
was charged to the tube. This sam- 
ple had a GOR of 20 cu ft/bbl of 
22.4° API gravity oil, and its vis- 
cosity at the displacement conditions 
of 1,500 psi and 147°F was 34.5 cp. 


The results of these two displace- 
ments are presented in Table 5. The 
agreement in recovery between these 
two runs indicated—in the case of 
viscous, low-gravity crudes — that 
saturated oils were as susceptible to 
efficient displacement by enriched gas 
drive as were undersaturated oils. 


LIMITATIONS OF TECHNIQUE 


It should be recognized that the 
methods described in this report for 
estimating oil recovery by enriched 
gas drive are subject to certain limi- 
tations and that precautions should 
be taken in translating laboratory 
data to field performance. In cases 
where complete miscibility is estab- 
lished between invading fluid and 
resident oil, the effect of the porous 
medium in homogeneous systems ap- 
pears to be of limited importance. 
When two-phase flow occurs in the 
sand or reservoir rock, factors such 
as Capillary pressure and relative per- 
meability characteristics must be con- 
sidered. Under these circumstances, 
the recoveries from the sand-packed 
tube are at best relative to recover- 
ies obtained by conventional recov- 
ery methods on the same model res- 
ervoir. 
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TABLE 5—RESULTS OF DISPLACEMENTS USING HIGH-VISCOSITY CRUDE 


Final Conditions 


Saturation Diss One Pore Pore 
pressure placement Volume Gas Injected volumes 
Run (psi Viscosity Injection Pressure Recovery GOR Recovery GOR gas 
at 147°F) (cp) fluid (psi) (per cent) (cu ft/bbl) (per cent) ft/bbl) injected 
17 1,500 12.4 59 per cent Ci — 58.5 310 91.0 67,000 2.25 
41 per cent C3 
18 90 34.5 59 per centCi — 1,500 59.5 400 92.2 29,000 1.79 


41 per cent Cg 


A second limitation in the appli- 
cation of the recovery results ob- 
tained from the sand-packed tube is 
the difference between the area swept 
in the model and that swept in the 
field reservoir rock by the particu- 
lar driving fluid under consideration. 
Channeling, gravity segregation, and 
reservoir heterogeneities may in some 
cases be factors that significantly af- 
fect recovery from an actual reser- 
voir. They must be taken into consid- 
eration in application of laboratory 
data obtained on homogeneous sand 
in small-diameter columns. 


CONCLUSIONS 


\ 


Based on the experimental work _ 


described in this report, the follow- 
ing conclusions were drawn. 

1. Recovery of oil by injection of 
gases enriched with ethane, propane, 
or heavier components can be simu- 
lated in the laboratory by displacing 
the crude oil from a sand-packed 
tube at reservoir conditions of tem- 
perature and pressure with gases of 
interest. However, channeling, grav- 
ity segregation, reservoir heterogenei- 
ties, and other factors should be con- 
sidered when applying the laboratory 
recoveries to field operations. 

2. Concentrations of enriching 
components of the order of 40 to 50 
mol per cent in the injection gas are 
required for these systems in order 


to effect recoveries above 80 per cent 
of the oil originally in place. 


3. High water saturation does not 
prevent the effective displacement of 
the remaining oil when a sufficiently 
enriched gas is used as the driving 
fluid. 


4. The presence of an initial gas 
saturation in the sand-packed tube 
does not prevent the attainment of 
high recoveries of intermediate-grav- 
ity oils by repressuring with enriched 
gas. 

5. With high-gravity oils, substan- 
tial recoveries can be effected in the 
presence of a free gas saturation with 
repressuring. 


6. High recoveries can be obtained 
by enriched gas drive whether the 
oil is originally saturated or under- 
saturated with gas at the displace- 
ment pressure. 
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ALBIS 


Results and experimental procedures are presented 
covering a preliminary laboratory investigation of the 
compaction of reservoir rocks and its effect on porosity 
and permeability. 

“Effective” compressibility was measured by subject- 
ing core material to an overburden load and reducing 
pore pressure. Preliminary results showed relatively high 
effective compressibilities which varied from 1.8 X 
10° pore volume/pore volume/Ib/in.’ for limestones to 
7.7 X 10° pore volume/pore volume/Ib/in.’ and even 
higher for sandstone reservoirs containing large amounts 
of fine clay material. It appeared from the initial re- 
sults that the effective compressibility of the material 
could not be correlated directly with porosity and that 
other factors, such as the amount of clay material pres- 
ent might have to be taken into account. T. he work to 
date has indicated that effective compressibility factors 
will have to be measured for the particular reservoirs 
being studied. 

Oil permeability of core material was measured un- 
der various effective overburden loads from O to 8,000 
psi. It has been found that reduction of permeability 
in clean sands was relatively small and the results 
agreed with published data. For sandstones containing 
large amounts of clay, preliminary tests indicated very 
large reductions in permeability with increasing ef- 
fective overburden pressures. It is planned to continue 
laboratory work on this phase because of its importance 
in low-permeability reservoirs. 


INTRODUCTION 


During the past few years increasing interest has 
been shown in the differences obtained between con- 
ventional laboratory measurements on cores at atmos- 
pheric pressure and those when reservoir conditions 
are simulated. Since these data are used as the basis 
for calculations and the prediction of reservoir be- 
havior, their evaluation under reservoir conditions is 
most important. : 

The effect of the compressibility of the rock upon 
the reservoir behavior, as fluid pressure declines, is 
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an important subject which has been insufficiently 
studied. The total pressure on any plane through a 
reservoir is the result of the grain-to-grain rock pres- 
sure due to the overburden and the pressure of the 
interstitial fluid on the plane. As reservoir fluid pres- 
sure declines, the net load on the rock phase must 
increase, and the result is the compaction of the rock 
structure which produces a decrease in pore volume. 
Simultaneously, the rock grains expand into the pore 
space as the fluid pressure declines. The result of 
these two effects is defined as the effective compressi- 
bility of the rock and is expressed in units of pore 
volume/ original pore volume/ psi. 

Work was started by Imperial in 1954 on the effects 
of pressure on the porosity of reservoir rock. These 
studies established effective compressibility factors for 
some limestones and dolomites. Since that time ef- 
fective compressibilities have been obtained for other 
Canadian and some U. S. reservoir rocks. In conjunc- 
tion with the study of porosity, an investigation has 
also been initiated to determine the effects of pressure 
on permeability. One outcrop and several reservoir 
sandstone cores have been tested to date. 


ROCK COMPRESSIBILITY 


APPARATUS AND PROCEDURE 


A diagram of the apparatus used in these studies is 
shown in Fig. 1. The equipment was constructed so 
that a uniform pressure, equivalent to the reservoir 
overburden, could be applied by the oil pump and 
transmitted on all-sides of the core through the Lucite 
sheath. The sample was completely saturated by cir- 
culating brine through the mounted core. Pressure in 
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this liquid phase was then raised to that in the res- 
ervoir. Reservoir drawdown was simulated by reducing 
the pore liquid pressure and the expelled fluid was 
accurately measured. By correcting for fluid compressi- 
bility, a value for the effective compressibility of the 
core was calculated. Since accurate temperature con- 
trol was required for satisfactory results, the whole 
apparatus was enclosed in an air bath. 


TYPICAL RESULTS 


While there was considerable difficulty in initially 
assembling and calibrating the apparatus, a leak-proof 
arrangement has been developed which is simple to 
operate, and has given reproducible results for several 
limestone and sandstone reservoirs in Western Canada. 
Limestone with small vugs from a depth of 3,200 ft 
exhibited an average compressibility of 2.2 xX 10° 
_pv/pv/psi while fine, intergranular limestone cores at 
5,400 ft had an average compressibility of 5.1 xX 10° 
pv/pv/psi. A sandstone core at 5,300 ft had a com- 
pressibility of 7.7 X 10° pv/pv/psi. 


HIGH PRESSURE PERMEABILITY 


APPARATUS AND PROCEDURE 


The equipment used to determine oil permeabilities 
under reservoir pressure and temperature conditions is 


shown schematically in Fig. 2. The plastic sheathed- 


core was suspended in a high pressure, insulated steel 
cell. Pressure was exerted on the external surface of 
the plastic by means of a hydraulic oil pump, capable 
of operating to 10,000 psi. Flowing oil pressure was 
obtained by applying 2,500 psi gas pressure on a mer- 
cury reservoir, the mercury in turn pressurizing the 
oil. This method was employed in order to minimize 


_ a percentage of the original 


the solution of gas in the flowing oil. Heise gauges 
were used for pressure measurements and have proved 
satisfactory for pressure differentials in excess of 100 
psi. A Wianko pressure transducer was added to im- 
prove the accuracy of the lower differential pressure 
measurements. Volumes of flowing oil were collected 
and measured at atmospheric pressure. Two types of 
receivers were used: one, a standard calibrated glass 
cylinder, and the other a set of fractional pipettes 
permitting measurement to 1/100 cc. The entire ap- 
paratus was enclosed in a thermostatically Cece 
air bath. 


The equipment has been tested to 10,000 psi and is 
working consistently at 7,000-psi external oil pressure 
and 2,000-psi flowing oil pressure. 

The viscosities of the flowing oil at elevated tem- 
peratures and pressures were obtained by means of a 
high pressure, rolling-ball viscosimeter. The compressi- 
bility of the oil was also determined and the volumes 
collected during a test were corrected for pressure 
changes. 

Oil permeabilities obtained at zero effective over- 
burden pressure were used as the reference permea- 
bility. The effective overburden pressure exerted on 
the core was taken to be the pressure difference be- 
tween the external hydraulic oil and the average of 
the inlet and outlet flowing oil pressures. Measure- 
ments of the oil permeabilities were made for each 
1,000-psi increment of external pressure until 5,000-psi 
effective overburden pressure had been exerted. Per- 
meabilities were also measured as the effective over- 
burden was decreased. The oil permeability at each 
effective overburden pressure was then calculated as 
“reference” permeability 
and plotted against the effective overburden pressure. 
It should be noted that the mean flowing pressure was 
kept approximately constant as the effective overburden 
pressure was increased during the test. 


TYPICAL RESULTS 


The results of tests on unextracted, oil-cut sandstone 
cores and selected extracted cores from Western Can- 
ada are presented in Table 1 and are shown in plotted 
form in Fig. 3. This group of cores varied greatly in 
clay content. This preliminary data obtained on shaly 
cores indicates that the lower the reference permea- 
bility, the greater the percentage reduction in permea- 
bility will be at a given effective overburden pressure. 


TABLE 1—HIGH PRESSURE PERMEABILITY RESULTS 


Mean 
Oil flow oil 
Gore Perm pressure Per cent reduction at effective overburden pressure, psig 
No (md) (psi) 1,000 2,000 3,000 4,000 5,000 Core Type 
86A-1 3.7 22 bye) 10.8 14.5 17.0 20.4 Dirty shaly-sand unextracted 
86A-1 3.0 16 = 10.9 —_ 14.7 = Core remounted 6.8 per cent residual, brine 
14 15.0 15 325 6.5 8.5 10.4 12.0 Clean sand unextracted 
11 0.23 240 31.0 52.0 62.0 67.5 70.0 Dirty shaly sand unextracted. 

86A-2 8 30 11.0 16.8 20.8 24.0 Dirty shaly sand unextracted 

6 0.007 450 51.5 78.8 89.4 96.4 Very dirty shaly sand unextracted 

6 0.005 450 —_— 92.6 — approx. 100 Core remounted 
Outcrop 102 7 4.0 7.6 10.7 13.0 14.0 Clean unextracted sand 
Sandstone 102 2,000 7.0 9.2 11.3 12.2 15.7 Clean unextracted sand : 
10B 0.07 1,850 8.0 12.8 15.3 16.4 16.4 Clean sand—37.1 per cent residual water 
10B 0.47 1,850 8.0 10.3 11.5 12.3 12.8 Core remounted—7.2 per cent residual brine 
14C 3.5 2,000 2.5 4.3 5.6 6.4 7.0 Clean sand—38.2 per cent residual water 
14C 6.9 1,950 7.3 9.1 ba, <2) 15.4 V7.2 Residual brine 6.9 per cent 
6B 3.1 50 5.4 8.4 9.8 10.2 10.4 Clean sand—17.5 per cent residual water 
24B 0.6 60 8.2 12.9 16.2 18.5 19.5 Clean sand—38.0 per cent residual water 
23B 28.7 10 2.0 6.1 8.1 9.9 10.6 Residual brine 7.0 per cent 
14B 8.8 2,025 4.4 8.4 11.6 14.0 14.9 Clean sand—zero residual water 
7B 50.5 1,950 10.2 13.9 16.2 17.6 18.0 Clean sand—zero residual water 
7B 44.0 1,850 6.4 8.8 13.4 14.6 17.1 Core remounted—zero residual water 
3C 3.8 1,900 3.2 6.4 9.2 11.7 13.8 Clean sand—zero residual water 
VOL. 2° 3, 1958 3387 
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The results of other investigators’”** show that the 
percentage reduction in permeability generally increases 
as the initial permeability increases. The apparent dis- 
crepancy may be due to the fact that most previous 
work was limited to clean sandstone and limestone 
cores. 

Several cores were subjected to various effective 
overburden pressures, but returned to zero pressure 
before each increase in external pressure. Results ob- 
tained for one of these cores is shown in Fig. 4. For 
cores of higher permeability, such as that illustrated, 
the total percentage reduction in permeability at zero 
effective overburden for numerous pressure cycles was 
about 4 per cent, but in the shaly cores of low per- 
meability the reduction was as high as 60 per cent. 
Although this suggests that some irreversible deforma- 
tion of structure had occurred, some of these cores 
had essentially regained their initial permeability after 
a year. However, since irreversible behavior was also 
noted by Carpenter and Spencer’, further study is 
required. 


CONCLUSIONS 


The apparatus and procedures given here have proven 
satisfactory for measuring both effective compressibility 
and variations in permeability with overburden pres- 
sure, provided one assumes equal stresses in all direc- 
tions in the reservoir. A cell of another design is re- 
quired if differential stresses are desired. 
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Lucite has proven satisfactory for mounting extracted 
cores. However, a technique for handling fresh cores, 
obtained using crude or oil-base mud, requires some 
development. Initial tests with polyethylene indicate 
that this material may withstand the action of some 
of the extraction solvents, but since the mounting tem- 
perature is similar to that required for Lucite, its use 
on unextracted, oil-cut cores will not be possible. 

Studies are being continued on the compressibility 
of various rocks and the effect of pressure on permea- 
bility. 
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EN TION 


In recent years considerable progress has been made 
in the development and application of mathematical 
techniques for the solution of certain problems involv- 
ing economic “strategies”. Such a problem might in- 
volve, for example, the scheduling of shipments of a 
commodity from a number of sources to a number of 
_-destinations. The object would be to schedule the ship- 
ments in a manner so as to satisfy the destination 
requirements and at the same time minimize the trans- 
portation costs. The solution to such a problem is not 
necessarily intuitively obvious. The “obvious” solution 
is frequently far from optimum. If the shipments are 
to be made from, for example, only two sources to four 
destinations, the optimum schedule is readily found. 
However, if shipments are to be made from, say, 10 
sources to several hundred destinations, even a com- 
petent and experienced scheduler may spend consider- 
able time in finding a reasonable answer. Even then he 
is not sure that he has the optimum solution. Further- 
more, he has no way of knowing how far from optimum 
the answer is. Consequently, he does not know whether 
he should accept this solution or seek a better one. 

Prior to the advent of large high-speed digital com- 
puters, little more could be done with such problems 
because of their great size and multiplicity of possible 
solutions. A problem involving 20 sources and 50 desti- 
nations would require choosing, from a very large 
number of possible combinations, the optimum combi- 
nation of 1,000 variables: The best one could do was 
to utilize intuition, extrapolation from past experience, 
and other non-exact approaches. With a high-speed 
computer, however, such problems can be solved pro- 
viding a reasonable computational procedure (or algo- 
rithm) can be utilized. The purpose of this paper is 
to describe such a procedure (linear programming) and 
to apply this procedure to a production scheduling 
problem. 


THE RESERVOIR PROBLEM 


A simple reservoir model is used throughout this 
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analysis to illustrate the use of linear programming. 
Even the simplest reservoir behavior problem is non- 
linear in both space and time, but if the geometry is 
fixed for a particular study and the time variable is 
quantized, the resultant system may be described by 
linear constraints on the variable production rates. 

Crude oil is available from five separate sources and 
is delivered to a pipeline. Sources 1, 2, 3 and 4 are 
ideal reservoirs and therefore are subjected to reservoir 
flow restrictions. Source 5 is labeled “Outside Source” 
and crude oil from this source is assumed to be avail- 
able in unlimited quantities without considering reser- 
voir conditions. The general problem is to determine 
the schedule of crude oil production from five sources 
which, over an eight-year period and subject to certain 
restrictions, will result in maximum profit. 

“Profit” is defined to encompass all economic factors 
and expenses involved in producing and selling crude 
oil to a pipeline facility. Such economic factors are 
lumped to the extent that the term represents the dol- 
lars profit from one barrel of crude oil from any of 
the five sources entering the pipeline system. Table 1 
presents the assumed profit per barrel for oil from any 
of the five sources over each of the four time periods. 
In this chart the eight years is broken into four equal 
intervals of two years. The selection of four time 
periods of two years each and the values representing 
the potential profit are completely arbitrary selections 
for the purpose of illustrating this idealized reservoir 
problem. In any practical application of this work a 
careful economic study would have to be made in order 
to estimate potential unit profits for time periods as far 
in the future as eight years. In this particular study it 
is assumed that all of the potential unit profits (C;;) 
are known and fixed before the production schedule is 
attempted. 

For each reservoir arbitrary values are assigned for 


TABLE 1—POTENTIAL PROFIT CHART—SINGLE WELL SYSTEM 


(Ci; = potential profit, $/bbl) 
Outside 
Reservoir source 
Time 1 2 3 4 5 
1 0 0.13 0.20 0.40 0.05 
7) 0.17 0.18 0.23 0.46 0.09 
3 0.20 0.22 0.30 0.49 0.16 
4 0.23 0.28 0.36 0.52 0.20 
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permeability, viscosity, outer radius, initial pressure, 
etc. It is assumed that all of the reservoir parameters 
remain constant throughout the eight-year period of 
study. It is further assumed that each reservoir contains 
a single ideal liquid in a homogeneous porous medium 
under the influence of an infinite water drive. An addi- 
tional assumption is that the radial flow formulas for 
infinite water drive are applicable.’* For such an infinite 
water-drive system, the following equation represents 
the relation between well pressure and production rate. 


__# 


where 7 represents dimensionless time, P. is well pres- 
sure, P, the initial pressure of the reservoir, and P(r) 
is the function developed and described by Van Ever- 
dingen and Hurst’. Time is a continuous variable and 
Eq. 1 determines the well pressure at any instant of 
time provided the production rate, Q, the initial pres- 
sure, P,, and the other physical parameters are known 
for this reservoir. 

Now the pressure in the j reservoir at the end of 
the i‘* time period may be written, 


> 
Poy 


where Q,, is the average production rate of the j reser- 
voir during the i time period, P., is initial pressure of 
the j reservoir, 7;, is dimensionless time and P (7143) = 
% (In 7, + .80907), 7; > 1,000. 

The well pressures (in all four reservoirs) are not 
allowed to go below some arbitrary value, such as 1 
atm. Thus, there are 16 linear constraints on the pro- 
duction rates, O,,; (one for each reservoir for each of 
the four time periods). The set of 16 inequalities is 
represented by 

: The next set of constraints considered is represented 
Mf 


P,.(7) = P, 


4 


i= 1 
where F; represents the original volume of oil in place 
in the j reservoir. 
An additional set of four constraints is represented 
by Ineq. 5, which states that the production rate in any 
time period may not exceed the pipeline capacity, R. 


5 


where Q,, is the volume rate of oil purchased from the 
outside source in the i™ time period. 


The set Ineq. 3 contributes 16 inequalities which con- 
strain the individual reservoir production rates. Ineq. 4 
contributes four inequalities which constrain the cumu- 
lative production from each reservoir. Ineq. 5 con- 
tributes four inequalities which represent the pipeline 
limitations. In total there are 24 linear inequalities ex- 
pressed in terms of the unknown, Q,;. The problem then 
is to find values of Q,, that will satisfy Ineqs. 3, 4 and 
5 with the additional requirement that the chosen Q,; 
shall result in maximum profit. That is, 


1References given at end of paper. 
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5 4 
> Q,, AtC,; = Maximum. . . (6) 
=l1i=1 


C,,; represents the potential unit profit in the i™ time 
period for the oil produced from the j‘" reservoir as 


given in Table 1. 


The problem has been described, therefore, in terms 
of the maximization of a linear functional whose vari- 
ables are subject to linear constraints. 


RESULTS FOR SINGLE WELL SYSTEM 


Tables 2 through 5 show the results of four different 
studies of this model. Table 2 presents the optimum 
schedule of production rates for each time period and 
for all five sources. The profit of $27.6 X 10° is the 
maximum profit that can be realized for this case. Also 
listed in Table 2 is the cumulative oil produced, the 
initial oil in place, and the recovery from each of the 


TABLE 2—CASE 1 


(Production Rates, em?/sec) 


Source 
Time 1 2 3 4 5 
1 102,606 
74 1,008 4,834 51,303 45,461 
3 102,606 
4 11,414 91,192 
Cumulative production 
(cm3) X 63.12 X 10% 1,008 4,834 11,414 51,303 341,865 
Oil in place (cm*) 
x 63:12 x 108 1,008 4,834 11,414 51,303 
Per cent recovery 100 100 100 100 
Profit = $27.6 X 10° 
= 102,606 cm3/sec 
Each time period is two years 
TABLE 3—CASE 2 
(Production Rates cm*/sec) 
Source 
Time 1 2 3 4 5 
1 1,015 63 11,403 51,062 39,063 
2 985 4,842 156 49,707 46,917 
3 16 0 0 1,837 100,752 
4 0 4,763 11,269 0 86,574 


Cumulative production 
(cm3) X 63.12 X 10° 
Oil in place (cm) 
X 63.12 X 108 
Per cent recovery 
Profit = $35.1 x 10° 
R = 102,606 cm3/sec 


22,828 102,606 273,306 
22,828 102,606 
100 100 


TABLE 4—CASE 3 


(Production Rates cm*/sec) 


Source 
Time 1 2 3 4 5 
1 1,015 4,844 11,403 51,062 34,282 
2) 985 4,707. 11,087 49,707 36,120 
3 968 4,631 10,911 48,950 37,146 
4 957 4,578 10,790 48,429 37,852 
Cumulative production 
(cm’) X 63.12 X 108 3,925 18,760 44,191 198,148 145,400 


Oil in place 

63.12 < 
Per cent recovery 
Profit = $41.3 x 10° 
R = 102,606 cm?/sec 


4,032 19,336 45,656 205,212 
97 97 97 


TABLE 5—CASE 4 


(Production Rates cm*/sec) 


Source 
Time 1 2 3 4 5 
1 1,015 4,844 11,403 51,062 34,282 
2 985 4,707 11,087 49,707 36,120 
968 4,631 10,911 48,950 37,146 
4 957 4,578 10,790 48,429 37,852 


Cumulative production 
(em3) X 63.12 10° 

Oil in place (cm) 

Per cent recovery 

Profit = $41.3 xX 106 

R = 102,606 cm3/sec 


3,925 18,760 44,191 198,148 145,400 


4,032 38,672 136,968 205,212 
97 49 32 97 
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WELL PRESSURE, IN. ATMOSPHERES 


four reservoirs. Recovery here is defined to be the 
fraction of the initial oil in place that has been pro- 
duced. In the first case the pressure constraints repre- 
sented by Ineq. 3 played no role because it was not 
possible to withdraw at such a high rate that the well 
pressure would be reduced to 1 atm. Since the con- 
straints of Ineq. 3 play no role in Case 1, these pressure 
constraints could be completely eliminated from this 
particular case. As there are only eight remaining con- 
straints, there can be only eight non-zero values. of 

In Case 2, the F,’s are doubled. In certain instances 
some of the constraints of Ineq. 3 are tight, i.e., equali- 
ties. For example, in Reservoir 1 the well pressure at 
the end of the first time period has dropped to 1 atm. 

In Case 3 we again double the F,’s. The recovery is 
97 per cent from all four reservoirs; however, pro- 
duction is scheduled for all four time periods from the 
five sources. In addition, the well pressure has been 
reduced to 1 atm in every reservoir at the end of all 
four time periods. The pressure distribution for Reser- 
voir 1, Case 3, is plotted in Fig. 1. The well pressure 
drops from the initial reservoir pressure to 1 atm at the 
conclusion of the first time period. The well pressure 
then rises as the rate is reduced and falls to 1 atm at 
the conclusion of the second time period. This pattern 
is repeated for the third and fourth time periods. 

In the next case (Case 4), F, is again doubled, and 
F, is tripled. The results for this case are given in 
Table 5, For Reservoirs 2 and 3, the recovery is now 
49 and 32 per cent, respectively. This analysis is valid 
for a single well in each reservoir. The next section 
presents a method for treating multi-well systems. 


WELL SYS TEM 


Prior to designing a linear programming model for a 
multi-well system it is necessary to examine the set 
of constraints in Ineq. 3. These constraints were origin- 
ally developed by considering the relation between well 
pressure and production rates for a single well system. 
In a multi-well system with interference, it is necessary 
to have equations that relate the well pressure to pro- 
duction rates when more than one well is being pro- 
duced. Reservoir 3 now has two wells, designated as 
Well a and Well b, separated by distance, d. r., repre- 
sents the distance, d, divided by the well radius. It is 


2 3 
TIME, IN TWO YEAR INTERVALS 
Fic. 1—Reservoir 1, Case 3. 
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assumed that the compressibility and viscosity of the 
water are the same as that of the oil, so it is per- 
missible to use a superposition principle to relate well 
pressures and rates (infinite system). Such an analysis 
has been described in detail and solutions are available.’ 

The pressure in Well a at the end of the i™ time 
period is 


i 
= [Peo — A, } Ty-1) 


k=1 


where P»; is initial pressure, A; is 1S PLO- 
duction rate during i time period from Well 3,, 
Qis, is production rate during i time period from 
Well 3,, 7 is dimensionless time, and r,, is well spacing 


_ distance between the two well centers 


ratio - 
well radius 
4r 47 
P(ra,7) = In > 2,000. 
(8) 


There are multi-well reservoir systems where it would 
not be possible to express the function, P(r..,7), as an 
analytical expression. In such cases one can approxi- 
mate the P function either by numerical computations 
on a digital computer or analog solutions on an electric 
analyzer. 

Similar constraints may be written for Well 3,. The 
constraints on Reservoirs 1, 2 and 4 will remain as 
before. The potential unit profits are assumed to be the 
same for both 3, and 3,, and equal to the value as- 
sumed for Reservoir 3 in the one-well system. The 
potential unit profits for Sources 1, 2, 4 and 5 remain 
the same as in the single well case. It would be a simple 
matter to modify the potential unit profit values for 
Reservoir 3 to take into consideration the additional 
cost required to drill more wells, but such factors have 
not been considered in this study. 

The results for Case 5 are given in Table 6. The well 
spacing ratio, r.., and the F,’s and R are the same as 
those for Case 4. 

In Case 5 the additional well increased the cumula- 
tive production for Reservoir 3 by 9 per cent to total 
cumulative recovery of 41 per cent. 


CONCLEUSIONS 


It is worthwhile to examine the limitations of the 
present model. One very obvious shortcoming is that 
only four time periods were considered. It would be 
much more realistic if there were 20 or more time 
periods rather than four. Then the well pressure could 


TABLE 6—CASE 5 
(Production Rates cm*/sec) 


Source 
Time 1 2 3a 3b 4 5 
1 1,015 4,844 7,316 7,316 51,062 31,053 
2 985 4,707 7,056 7,056 49,707 33,095 
3 968 4,631 6,913 6,913 48,950 34,231 
4 957 4,578 6,815 6,815 48,429 - 35,012 
Cumulative 
duction (cm*) 
x Ae 10° 3,925 18,760 56,200 198,148 133,391 
Oil in place (cm) 
* 63.12 X 10° 4,032 38,672 136,968 205,212 
Per cent recovery . 97 49 Al 97 
Profit = $49.0 x 10° 
R = 102,606 cm3/sec 
tab = 250 
39] 


6 
5 
4 
3 
ry 


decrease to 1 atm at 20 points instead of only four 
points. In Fig. 1, the well pressure was reduced to 1 
atm at only four points, whereas in a real reservoir 
system the well pressure could remain at 1 atm for 
the entire time period of eight years. Use of a larger 
number of time periods would not make the analysis 
more difficult, but it would increase the computing time. 
If, for instance, we consider 20 time periods, then we 
would have a system of 124 linear constraints on 120 
variables. Another limitation is the fact that we con- 
sidered only a single well and then a two-well system. 
However, methods are indicated for the introduction 
of two, three, or any number of wells following this 
procedure. The inclusion of additional wells merely 
increases the size of the linear programming model. 

No attempt is made in this paper to evaluate all of 
the important reservoir considerations. In most cases 
it would be extremely difficult to present a linear rela- 
tion between well pressure and rates. Even in the case 
where linear relations can be deduced it is doubtful 
whether analytical solutions would be available relating 
well pressure, rate, and time. However, such relations 
between well pressure, rate and time can be approxi- 
mated either by analog devices or independent and 
separate computations on digital computers. Economic 
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factors, which would play an important role in any 
practical situation, are not emphasized in this study. 
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Effect of Low Frequency Percussion in Drilling 


INTRODUCTION 


In the development of a fluid- 
operated hammer drill* for acceler- 
ated penetration of hard rock for- 
mations in oil wells, a research 
investigation was conducted to evalu- 
ate the percussion effects obtained 

-with different design characteristics 
and to determine the possibilities of 
percussion in the low frequency 
Tange. Tests were conducted on 
granite blocks and comparable impact 
forces were measured with a load 
cell under selected test conditions. 
These full-scale laboratory tests pro- 
vided an evaluation of the effective- 
ness of percussion which was further 
supported by actual downhole field 
performance. 


While much pertinent data have 
been presented by other investi- 
gators”***, the method of evaluation 
described in this article resulted in 
good correlation between laboratory 
and field performance and may be 
applicable in other low frequency 
percussion developments. 


EXPERIMENTAL METHOD 


For these tests the bit was held 
stationary and the test block was 
rotated and forced upward against 
the bit by a hydraulically-lifted 
rotary table. “Weight on bit” was 
calculated from pressure readings on 


the fluid system of the lifting cylin-. 


ders—corrected for tare and friction. 
Percussion was obtained with several 


Original manuscript received in Society of 
Petroleum Engineers office July 15, 1957. 
Revised manuscript received May 5, 1958. 
Paper presented at 32nd Annual Fall Meet- 
ing of Society of Petroleum Engineers in 
Dallas, Tex., Oct. 6-9, 1957. 

1References given at end of paper. 
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tubular hammers of different weights 
up to 320 lb. These were lifted 
mechanically and allowed to drop by 
gravity from various heights onto-a 
slidably-mounted bit sub or “floating 
anvil” for calibration of the load cell 
response with known kinetic energy 
of the hammers. During evaluation 
of percussion effects, the hammers 
were hydraulically operated to pro- 
vide a range of percussion frequen- 
cies up to 1,020 blows per minute 
delivered to the anvil. 

To obtain comparable test read- 
ings, the load cell of the strain gauge 
type, was attached to the bottom of 
the anvil or bit sub in place of the 
bit. The load cell rested on a typical 
granite test block mounted on the 
drilling table. The latter was hydrau- 
lically supported as in the actual 
drilling operation. The effect of sup- 
port resistance was the same for all 
tools when calibrating. Impact forces 
so determined were thus directly com- 
parable with one another for the pur- 
poses of this investigation. 

When a roller bit was substituted 
for the load cell for actual drilling, 
the impact force would probably be 
reduced due to the resiliency of the 
bit body, legs, cones and teeth and 
the penetration of the teeth into the 
rock. However, since the bits and 
rock specimens were uniform in these 
tests, an evaluation of actual tool 
performance, in terms of parameters 
previously determined with the load 
cell at the selected standard condi- 
tions of calibration, proved satis- 
factory. 

Throughout these tests, 8954-in. 
standard tricone, hard rock toothed 
roller bits and carbide-insert roller 
bits were used. Rotary speeds were 


50 and 100 rpm; static weight on bit 
was applied up to 40,000 lb, and 
percussion frequencies up to 1,020 
blows per minute were available. 
During this investigation it was found 
that toothed bits on which the teeth 
had developed flat ends about 3/16 
in. wide did not change appreciably 
for the duration of a test. Hence, all 
toothed bits used in this study were 
in this condition. Conventional refer- 
ence curves obtained in these tests 
show that increasing weight on bit 
by 2:1 yielded an increased penetra- 
tion rate of approximately 2.7:1, 
while an increase in rotary speed of 
2:1 netted an increased penetration 
rate of roughly 1.7:1. Results are 
thus of the same order as those re- 
ported for hard rock drilling by other 
investigators.” 


CALIB RAT LON 


Under the selected standard test 
conditions previously described, with 
the lifting table hydraulically sup- 
ported, and the anvil interposed be- 
tween hammer and load cell, the 
hammers were dropped from known 
heights. Thus, with the kinetic energy 
of the hammer known, the corre- 
sponding maximum impact force 
shown by the cell was determined. 
(It may be of passing interest to note 
here that special drop tests with the 
hammers showed that no appreciable 
reduction in impact force resulted 
from introduction of the anvil or bit 
sub. ) 

From these calibrations, it was 
possible to determine the theoretical 
kinetic energy available in the ham- 
mer from the maximum impact force 
shown by the load cell while operat- 
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ing a percussion tool with the table 
hydraulically supported and cell 
mounted in the same manner as 
stated. The maximum impact forces 
and hammer energies so determined 
are pertinent to the later discussion 
of Figs. 3, 4 and 5. 

These impact forces are the same 
as would be available and delivered 
to the bit if the resistance of the 
latter, while actually drilling, was the 
same as that of the load cell mounted 
as described. 

For purposes of this study, the 
term “impact force available at the 
bit” denotes the impact force shown 
by the load cell as determined with 
all pertinent test rig conditions 
exactly as for drilling except that the 
load cell was mounted in place of the 
bit. 


The laboratory investigation yield- 
ed some data applicable to the subsi- 


tution of percussion for the static © 


weight on bit as well as the effect 
of percussion superimposed on the 
conventional static weight on bit. 
Fig. 1 shows some results obtained 
at rotary table speeds of 50 and 100 
rpm. It will be noted that the effect 
of percussion was fairly uniform 
when superimposed on static weights 
of 10,000 to 40,000 lb on bit at 
either speed. It may also be seen by 
comparing the curves for 100 rpm 
that percussion (of the order of 420 
blows per minute and impact force 
of 240,000 lb available at bit as 
determined under the standard test 
conditions) achieved the same pene- 
tration rate with 10,000 lb static 
weight carried on the bit as conven- 
tional drilling did with 40,000 lb of 
static weight on the bit. At 50 rpm 
the net effect of the percussion was 
greater, or equivalent to that of about 


17 
Sis | = 
2 
2 
a 4 
9 
8 ZS 
7 CONVENTIONAL 
7 4 \ 4 
7e@ T 
E 6 \ 
w 5 
7 
4 
7 
3 
2 
3 | 
20 


30 
WEIGHT ON BIT IN THOUSAND POUNDS 


55,000 Ib of static weight. In other 
words, percussion effects of this order 
could be substituted for the static 
weight equivalent to that of fifteen 
7'%4-in. drill collars without loss of 
penetration rate. 

By the addition of percussion of 
this order to conventional drilling, 
approximately the same incremental 
increase in penetration rate was ob- 
tained at both rotary speeds of 50 
and 100 rpm. However, the ratio 
between the conventional and percus- 
sion penetration rates obtained at the 
two speeds changed. For example, 
when carrying 30,000 Ib static weight 
on bit and rotating at 5O rpm, the 
penetration rate with percussion was 
three times the conventional rate, 
whereas when rotating at 100 rpm 
the penetration rate with percussion 
was twice the conventional rate. With 
10,000 Ib on the bit, however, the 
ratio was approximately the same for 
the two speeds, since conventional 
drilling ceased to be effective at about 
7,000 Ib-weight on bit in the test 
granite used. The penetration rate 
with percussion and 10,000 Ib static 
weight on bit was over 20 times that 
for conventional drilling alone with 
the same weight on bit. 

A comparison of the effect of per- 
cussion with two different types of 
hard rock bits is graphically presented 
in Fig. 2. Percussion was just as 
effective with the carbide-insert bit 
as it was with the toothed bit. The 
carbide-insert bit showed some ad- 
vantage at the heavier static loadings 
due to a higher conventional base 
rate for that bit, but the increments 
due to percussion were substantially 
the same for both bits. 

A very convenient element in this 
study of percussion tools was the 
I X F factor; that is, the product of 
impact force in pounds and frequency 
in blows per minute, available at the 
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bit at the standard test condition. 
Fig. 3 shows the effects of various 
1X factors from 60 X 10° to 
127 xX 10°. While the lower curves 
are for toothed bits and the upper 
curves for carbide-insert bits, it has 
been shown (Fig. 2) that they are 
approximately interchangeable with 
respect to percussion increment. Con- 
ventional base curves are shown for 
both. 

Fig. 4 shows the approximate pen- 
etration increments obtained by per- 
cussion corresponding to various 
1 X F factors available at the bit. 
These increments were obtained from 
Fig. 3. The arbitrary straight line 
drawn in Fig. 4 indicated that for 
practical design purposes percussion 
effect could be closely predicted by 
1 X F factor available at the bit. 
This factor was used in further design 
and development work with percus- 
sion tools in the low frequency range. 

An application of this in tool 
development is shown in Fig. 5, 
where J < F factor was held at ap- 
proximately 100 < 10° and the same 
hammer weight was used for both 
curves. The higher frequency and 
lighter impact force were selected as 
providing the more favorable condi- 
tions for extended life of the bit 
bearings. 

The actual penetration rates shown 
in all tests apply only to the test 
granite or its equivalent in atmos- 
phere. In field tests with hard for- 
mations downhole under hydrostatic 
pressure, reduced penetration rates 
for both conventional and percussion 
drilling were recorded. However, the 
ratio of improvement by percussion 
was of the same order as that found 
in these tests. Thus, appraisal of per- 
cussion tools in the investigation 
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Fic. 1—Errect oF PERCUSSION ON DRILL- 
inc Rate at Two SPEEDS WITH TOOTHED 
Bit in GRANITE. 


Fic. 2—Errect OF PERCUSSION WITH 
Two Types oF Harp Rock Bits In Gran- 
ITE, RoTARY SPEED 50 RPM. 


Fic. 3—Errect oF Impact Force X 
Frequency Factor on RATE, 
Rotary 50 RPM. 
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described was found to be indicative 
of their relative field performance 
where drillability of the rock in 
laboratory and field was of the same 
order of magnitude. 

It may be of interest to note that 
in these tests no consistent relation- 
ship was found between performance 
and hammer energy or horsepower 
available at the bit. 


__ Horsepower was determined from 
the kinetic energy of the hammer 
blow, as indicated by the calibrated 
load cell at the standard test condi- 
tion, multiplied by the frequency of 
percussion. 

Referring to Fig. 5, the percussion 
horsepower available at the bit is 
compared as follows, with the J x F 
factor available at the same point 
and condition: 

1. Solid Curve; hp = 21; I X F = 100,800,000 

2. Dotted Curve; hp = 15; | X F = 102,000,000 

(Horsepower being put into the bit convention- 
ally with bit weight of 30,000 Ib was approxi- 
mately 12 hp in both cases.) 

In Fig. 3, top curve, the percussion 
horsepower available at the bit was 
14 and the J X F = 125,000,000. 


FIELD RESULTS 


A comparison of the laboratory 
evaluation of the percussion tool per- 
formance with the actual percussion 
tool performance in the field was 
made where weight on bit, drilling 
fluid, rotary speed and hardness of 
formation were approximately equiv- 
alent for both conventional drilling 
and conventional drilling with per- 
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cussion superimposed. Tool A with 
I X F = 60 X 10° was operated in 
the field on West Texas “chert sec- 
tion” at a depth of 8,900 ft. Tool B 
with J X F = 100 X 10° was oper- 
ated on Appalachian “Salt Sand” at 


‘depths of 700 and 5,700 ft. 


Performance of these tools on 
granite in the laboratory is taken 
from Fig. 3 and sample comparisons 
with field performance are shown in 
Tables 1 and 2. 


CONCEUSIONS 


In this particular investigation of 
the effect of percussion frequencies 
in the order of 320 to 1,020 blows 
per minute, the following was ob- 
served. 

1. The J X F factor provided a 
practical parameter for evaluating the 
performance of these hammer-type 
percussion tools in this frequency 
range. 

2. Percussion of this order super- 
imposed on conventional drilling 
more than doubled the penetration 
rate produced by static weight nor- 
mally carried on bit. 

3. Percussion effects of this order 
might be employed to produce the 
same penetration rate as the drill 
collars commonly used for conven- 
tional drilling. 

4, Evaluation on the basis of the 


ratio, 
Penetration rate with percussion drilling 
Penetration rate with conventional drilling 


provided a satisfactory correlation 
between laboratory and field results, 
under the conditions described. 


TABLE 1—DRILLING PERFORMANCE—TOOL A 
(Tests approximately at 50 rpm and 20,000 |b 
weight on bit) 


Drilling Rate Average 
Test No. Method (ft/hr)  (ft/hr) Ratio* 
Field 
1 Percussion 6.7 6.7 
2 Conventional 3.0 3.0 
Lab 
1 Percussion 6.0 6.0 
Conventional 2.5 


*Rati Penetration rate with percussion drilling 
“Penetration rate with conventional drilling 


TABLE 2—DRILLING PERFORMANCE—TOOL B 
All tests at 50 rpm with 38,000 Ib weight on bit 


Drilling Rate Average 
Test No. method (ft/hr)  (ft/hr) Ratio* 
Field 
1 Percussion 8.29 8.29 
2 Conventional 3.75 
3.59 
3 Conventional 3.43 
4 Percussion 7.15 
7.67 
5 Percussion 8.20 
2.8 
6 Conventional 2.73 2.73 
lab 
1 Percussion 17.4 17.4 
2.2 
2 Conventional 7.8 7.8 


«Rati Penetration rate with percussion drilling 
Penetration rate with conventional drilling 


ACKNOWLEDGMENT 


The author greatly appreciates the 
assistance of G. S. Peterson and 
other personnel at the Gulf Research 


-Center participating in this project. 


Also the production divisions of 
Gulf Oil Corp. and United Fuel Gas 
Co. were most helpful in field testing. 


REFERENCES 


“1, “New Percussion Drill Shows Great 


Promise”, Pet. Engr. (July, 1957) 29, 
B33. 

2. Cline, W. H., Jr.: “Progress Report on 
a Fluid Actuated Rotary Percussion 
Engine”, paper presented at Pet. 
Mech. Engr. Conf., Pet. Div. ASME, 
Houston, Tex. (Sept. 28-30, 1953). 

3. Tagiev, E. I., et al.: “The Influence of 
Vibration on the Rate of Rotary Drill- 
ing of Hard Rocks with a Three Cut- 
ter Chisel”, Neft. Khoz. (1955) 33, 
9, 20. 

4. Simon, R.: “Theory of Rock Drilling”, 
paper presented at 6th Annual Drill- 
ing and Blasting Symposium, U. of 
Minnesota, Minneapolis, Minn. (Oct. 
11-13, 1956). 

5. Wanamaker, J. A.: “Rotary Percussion 
Drilling in West Texas”, World Oil 
(Sept., 1951) 133, 182. 

6. Bobo, R. A., Hoch, R. S. and Ormsby, 
G. S.: “Keys to Successful Competi- 
tive Drilling”, World Oil (March, 
1955) 140, 113. tk 


395 


4 
16 
| 
| 
| | 
— 


Note on Buckling of Tubing in Pumping Wells 
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ABSTRACT 


This paper is written as a discussion of the paper, 
“Buckling of Tubing in Pumping Wells, Its Effects and 
Means for Controlling It”? by Arthur Lubinski and K. 
A. Blenkarn, which was published in the March, 1 957, 
issue of JOURNAL OF PETROLEUM TECHNOLOGY. An 
analogy is drawn between the buckling of tubing in 
pumping wells and a tube, fitted with frictionless pis- 
tons, linked by an inelastic rod, and which is subject 
to an internal pressure. A simple derivation shows that 
the critical internal pressure exerts a hydrostatic force 
on the piston which is close to the Euler load for com- 
pression buckling of the same tube. While the results 
agree with those of Ref. 1, the basis of calculations 
has been changed and clarified. 

The presence of internal upsets at the pistons is 
discussed. 


INTRODUCTION 


In the Appendix’, Lubinski and Blenkarn state that 
a tube with ends closed by frictionless pistons connected 
by an inelastic rod (Fig. 1) will behave as a column 
loaded with a force equal to the tension force in the 
rod. They note that, while the fluid may not resist a 
shear force, the moment in every cross section is piston 
force multiplied by the elastic line deflection (c.f., the 
loaded column). Since the equations of the elastic lines 
are similar in the two cases, the solution is carried 
over from the loaded column. 

On the contrary it is suggested that while the method 
of solution remains unchanged from the column case, 
the actual stress distribution is different, a fact which is 
taken into account in this note. 

A simple method of approximating the buckling pres- 
sure is given, and their reasoning in our mathematical 
language is continued. 


GENERAL EQUATIONS 


The equation of an elastic line, initially straight in 
the x direction (Fig. 2), is given by 
y M, 
Original manuscript received in Society of Petroleum Engineers 
office Feb. 24, 1958. Revised manuscript received April 30, 1958. 


*Deceased, Dec., 1957. 
References given at end of paper. 
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In the case of a loaded column, this may be written: 


d’y/dx’ = — P/EI (y + «). For the pressurized tube it 
was shown, by analogy with the loaded column, that 
dy/dx* = — P,/EI (y + «), where P, = A.p. This equa- 


tion has a solution that, for P, = 7’ EI/I, any deflec- 
tion is stable (a criterion for buckling). An attempt 
will be made to describe more precisely, the forces 
acting on the tube, and to analyze the buckling con- 
ditions. 


DISCUSSION 


If the tube assumed a deflected position, the volume 
between the pistons would increase so that in deflecting, 
the energy of the fluid would decrease. When the in- 
crease in elastic energy of the tube (due to bending) 
is equal to the decrease of fluid pressure energy, buckl- 
ing conditions exist. 

Analyzing the forces on the tube (Fig. 3), two trans- 
verse forces, T,, T:, exerted by the pistons, are balanced 
by a resultant of the pressure elements which are 
linearly dependent on the local curvature of the elastic 
line (Fig. 4). 


Tick R, 
RR = 0 


Unlike most buckling cases, the forces depend on the 
shape of the elastic line, a condition that makes a 
rigorous mathematical treatment difficult. Several ap- 
proximations may be used to clarify the problem. 


Fic. 1—Scuematic OF TUBE. 


L 


Fic. 2—Scuematic Diacram. 
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LR | 
= 


Fic. 3—Forces AcTING ON THE TUBE. 


Ri 


Ti T2 


Re 


Fic. 4~-Forces Exertep By PISTONS AND FLUID ON THE TUBE. 


Since a is small, the axial components of both the 
pressure elements acting on the tube, and T;, T2 are of 
second order. To simplify calculations, the force dis- 
tribution (due to the fluid pressure) is approximated 
by two separate cases: (1) a uniformly loaded beam, 
having a lower moment in every cross section (Fig. 
5a), and (2) a beam with a point load at mid-span, 
having a higher moment in every cross section (Fig. 5b). 
CasE 1 


(Fis. 5a), (2) 
and 


When the system buckles, deflection e may take any 
value. Thus, eliminating e from Eee. 2 and 4, 


CASE 2 
Thus, 


Eliminating e from Eqs. 6 oe 8, 
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According to Euler theory, buckling occurs in a 


column when P (an end load) = 7 — (Ref, 2), 
which is indeed between the two cases. 

In the loaded column case, the compression forces 
are axial and do not vary due to the buckling, while 
the moment at any section depends linearly on the de- 
flection. On the contrary, in the pressurized tube case, 
the forces act normally to the elastic line, and vary 
linearly with the deflection. In the latter case, the moment 
arm of every force is almost independent of the de- 
flection. 

If the ends of the tube are internally upset (Fig. 6), 
a new condition prevails. The force on a shoulder due 
to the fluid pressure has a small tranverse component 
(dependent on the end slope of the elastic line) and a 
large axial component, almost independent of the end 
slope, but whose moment varies linearly with the deflec- 
tion (Fig. 7). ~ 


A=A,+ A, 
P, = 
P, = p.A, = P,A./A; 


P,; = P,: A,/A, Tan x 
P, = P, 

Resultant tranverse component of shoulder and pis- 
ton forces, P,A./A, Tan a + P,; Tan a = P, A/A; 
Tan a. 

Resultant axial component of shoulder force, P, 
A,/A, Cos a ~ P, A2/A;. 

It is noted that the resultant tranverse component is 


r 

=) 
A 


a 


Fic. 5—DistrisuTtion OF Forces AcTING ON A BEAM. 


b 
Fic. 6—Tuse with Internat Upser Enps. 


Fic. 7—Dracram or Forces oN A TUBE WITH INTERNAL UPSET 
Enps. 
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independent of the ratio in which the area A is divided 
between piston and shoulder. 

Fig. 7 demonstrated that the equivalent end load is 
equal in magnitude to the hydrostatic force on the pis- 
ton only. 

Buckling involves a shortening of the distance be- 
tween the ends of the tube, but no net axial stresses 
are introduced by internal pressure. However, the pres- 
ence of shoulders causes an axial tension which delays 
buckling. 

It is also interesting to note that tube dilation causes 
an increase in the moment of inertia, which in turn 
delays buckling. This last effect is paramount in the 
Bourdon tube. 


CONCLUSIONS 


1. Buckling may occur in a pressurized tube with 
ends closed by two frictionless pistons connected by an 
inelastic rod. 

2. The critical hydrostatic force on the pistons ap- 
proximates or equals the buckling end load: 12E1/? 
8EL/l. 

3. If the tube ends are internally upset, the critical 
internal pressure is increased, and a net axial stress iS 
introduced into the tube. 

4. Many more practical applications than mentioned 
in Ref. 1 can be found, especially if similar cases, in- 
volving different pressures inside and outside a tube are 
included. Using the Lubinski theory as discussed in this 
note, interesting observations can be made in the follow- 
ing cases: (a) free hanging strings at greater depths, 
(b) lubricated rod pumping, and (c) sandfracing and 
producing of PTWC wells with two fixed tubing points, 
e.g., Baker Model D production packer and Otis-SOB 
packer. 

5. Temperature effects and reduced collapse resistance 
might make it less attractive to use tension anchors 
in deep wells. 
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NOMENCLATURE 


1 = length of undeflected tube 
x = distance from origin along undefiected elastic 
line 
y = deflection of elastic line 
E = Young’s modulus for tube material 
1 = moment of inertia of tube section 
M, = moment of tube section at x 


= axial load on a column 
= infinitely small initial deflection of the elastic 

line 

P, = force on pistons due to fluid pressure 

P, = tension in rod 

p = fluid pressure 

A = cross-sectional area of tube hole 

A, = piston area when internal upsets are introduced 

A, = shoulder area 

T = transverse force exerted by piston on tube 

B = resultant of forces exerted by pistons on tube 

B, = resultant of hydrostatic force elements on the 
tube 

a = end slope of the elastic line 
e = deflection at mid-span 

P, = hydrostatic force on shoulder 

P,, = component of P, transverse to undeflected elas- 
tic line (y direction) 

P., = component of P, parallel to undeflected elastic 
line (x direction) 
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Application of Statistics to the Analysis of Production 
Decline Data 
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EN TRODUCTION 


The appraisal of an oil lease may often be made 
through production decline analysis, which requires 
description of the functional relationship between the 
oil production rate and either cumulative production or 
time. Heretofore, attempts to define the function appro- 
priate to a given set of production data have depended 
to some extent on subjective procedures. The purpose 
here is to introduce an objective solution, obtained by 
combining the principle of least squares with the theory 
of equations. 


MATHEMATICAL ANALYSIS 


The fundamental differential equation appropriate to 
a general class of decline curves may be written, 


Solution of Eq. 1 for general boundary conditions may 
be written in terms of either the cumulative oil produc- 
tion or time: 

and 

These equations constitute the mathematical expression 
of the so-called hyperbolic decline. Their complete de- 
scription for a given set of production data requires the 
numerical evaluation of the three parameters’’, n, D, 
and (q.):- 

For the special case of n = 0, Eq. 2 becomes 


with the corresponding expression in terms of time being 
Dt 


Similarly, for the special case of n = 1, Eq. 3 becomes 
(qo): (6 


with the corresponding expression in terms of cumula- 


Original manuscript received in Society of Petroleum Engineers 
office Feb. 18, 1957. Revised manuscript received May 6, 1958. Paper 
presented at Joint University of Texas-Texas A&M Student Chapter 
Regional Meeting in Austin, Tex., Feb. 14-15, 1957. 
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VOL. 213, 1958 


RESERVOIR ANALYSTS 
DALLAS, TEX. 


tive oil production being 


-(D/q N 
Eqs. 4 and 5 constitute the mathematical description of 
the so-called exponential decline; Eqs. 6 and 7 are the 
mathematical description of the harmonic decline.”* 
Returning to the hyperbolic expressions, Eqs. 2 and 3 
may also be written, “ 
and 
where a = 1 — nj3-s = (n—1)D,(4,)73 6 = 


a-= nis =n and bo 

Note that both Eqs. 8 and 9 are linear in either time or 
cumulative production with respect to an exponential 
function of the production rate. In other words, a 
straight line relationship results for both variables when 
associated with the appropriate power of q,. This fact is 
of prime importance in the application of statistical 
analysis. 


STATISTICAL ANALYSIS 


For a given oil lease, the time, production rate and 
cumulative production are recorded records. To establish 
predictive formulas from Eqs. 2 and 3, it remains to 
determine numerical values for the three parameters 
[n, D, and (q.);] through an investigation of the past 
history. 

Upon interpreting a, s and b as parameters, Eq. 8 
may be expressed for every time interval of interest, j, 
over the past history as follows. 

In general, Eq. 10 will not be satisfied exactly, because 
of the assumptions in the expression of Eq. 1, and the 
errors and anomalies universally associated with pro- 
duction data. It will instead define the residual, 

Squaring both sides and summing over all the data 
points, m, under consideration yields 


1 
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The theory of least squares requires that the sum of the 
weighted squares of the residuals be a minimum. On the 
basis of a unit weighting factor, the required minima are 
given by 


s3(N,), + bm =3.(4,)5 > (14) 


and 
s¥(N,), log (@,), + log = 
5 log (@,),, (15) 


which are the normal equations. Their simultaneous 
solution expresses the most probable values of a, s and 
b, in accordance with the theory of least squares.’ 

Here, then, are three independent equations in three 
unknowns, a, s and b. It is noted at once that the 
occurrence of a as a nonlinear element precludes an 
explicit solution. Nevertheless, a numerical solution can 
be obtained in the following manner. 

For the moment disregard a as an unknown. Then 
the foregoing system of equations would reduce to three 
linear equations in two unknowns, s and b. If the 
matrix of the coefficients of s and b is of rank 2, the 
equations are consistent provided the rank of the aug- 
mented matrix, containing all the summed elements, is 
also of rank 2. Physical considerations guarantee the 
existence of the slope and intercept; s and b, and the 
consistency of the equations. Therefore, to reverse the 
argument, it follows that the determinant formed from 
the augmented matrix must vanish. Consequently, 


(N, ) 


&(N,), (q,)* log (q,), log (q,), 


This determinant provides an equation involving a as 
the only unknown, and the value of a that forces the 
determinant to vanish constitutes the desired solution.*° 

Once a has been evaluated, Eqs. 13 and 14 may be 
solved simultaneously to yield values for s and b. Thus, 


a7) 


sd (N,), — 8) 

and 
Then, by virtue of Eqs. 2 and 8,n = 1— 4a; 


(qo): = (b)*’; and D, = — , which establishes the 


parameters originally sought.** 

Precisely the same rationale may be employed with 
Eq. 9 to yield the alternative set of equations, related 
to time instead of cumulative production, for the solu- 
tion of the problem. They are as follows.*** 
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™m 


25 
log (q,), log (q,), 


(q,)*" log (4), 
j=1 


N= xt (21) 
j=1 j 
and 
j=1 Jj=1 °°? j=1 7 
And by virtue of Eqs. 3 and 9, n= — a; @e= 


Finally, for the special case of the exponential decline, 
where n = 0, evaluation of the remaining parameters, 
and may be obtained as follows:** 

D. A =m3,(N,),(4,),— 2 N,), 24)? 


(24) 

and 
(qd = 20ND,” 
(25) 


or in terms of time, 


DA’ 


—In10|m 3 t; log (q.); 
j 
(26) 


and 


A’ log (qo): = log log (qo); 


(27) 
(N,) 
(q,); = 0) (16) 
(q,);* log (q,), 


And for the special case of the harmonic decline, where 
n = 1, these same parameters may be obtained as fol- 
lows: 


A log (gs); (N,)? log (qu); 


(N,)s (Np); log (28) 

and 
D.A = ~ (N,), log (a), 3 (Ns), 
Slog (29) 


In terms of time, 


3, 


m 
j=l j 


(30) 


j=1 
and 


(20) 
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Pp p=1 
= 


Except for the augmented determinants, Eqs. 16 and 
20, all the relations following Eq. 16 lend themselves 
to explicit solution. The two determinants may be solved 
by iterative procedures for their zero value by either 
desk calculator or digital machine computation. The 
Remington-Rand Univac and the Royal McBee LGP-30 
have been successfully programmed for this purpose. 

In conclusion, it bears mention that the mathematical 
and statistical principles employed in this analysis of 
production decline data have been extended to solve 
other problems; for example, the linearization of cer- 
tain classes of curves in semilog and log-log coordinates 
through the least square evaluation of additive con- 
stants. Evidently, this use of the augmented determinant 
provides a general means of numerically solving a con- 
sistent system of equations which includes a nonlinear 
term. 


NOMENCLATURE 


= positive constant or parameter 

intercept of least square line 

residual 

subscript: initial decline conditions 

subscript: index symbol; an element of the 

m = upper limit of the set of j’s 

n = production decline parameter 

= rate of oil production 

= slope of least square line 


i ll 


a, a’ 
b, b’ 
d 
t 
j 


q 
Ss, 
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t = time 
D = production decline ratio 
E = error function 
N, = cumulative oil production 
A, A’ = determinant of coefficients 
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Identification of Mixtures of Waters from Chemical 
Water Analyses 


J. C. McKINNELL 
MEMBER AIME 


ABSTRACT 


Identification of complex mixtures of waters presents 
many problems that can be solved by graphical methods 
described in this paper. Examples are presented to show 
the application of these methods to the correlation of 
oilfield waters and the determination of the percentage 
of each water in mixtures of two and three waters. 


INTRODUCTION 


Correlation of waters and identification of mixtures 
of two and three waters is important in secondary re- 
covery evaluation studies and studies involving under- 
ground movement of waters. The importance of such 
studies suggests the need for a method to correlate a 
great number of water analyses to accurately identify 
and improve the understanding of mixtures of waters. 


Geochemical analyses of waters furnish a quantitative 
measure of each of the ions present in a water. Table 
1 shows a portion of the data on many oilfield water 
analysis report forms in use today. Under “parts per 
million” are listed the quantitative amounts of each ion 
in milligrams per liter. Following the work of Stabler’ 
and Palmer’, some laboratories have reported additional 
data to indicate the reaction capacity, or reacting value 
of each ion. Table 1 lists data under two subheads for 
the “reacting value”. Under the first subhead, the re- 
acting value is reported in gram equivalents per mil- 
lion, hereinafter called equivalents per million. This 
value is determined by multiplying milligrams per liter 
of the ion by a factor equal to the reciprocal of the 
equivalent weight of the ion. Under the second sub- 
head (per cent) is listed the percentage of each ion 
based on the total equivalents per million. 

Sodium is not usually an analyzed value in routine 
analyses, but is determined by the difference between 
total negative equivalent per million values and the 
sum of all of positive ion values for which analyses 
were made. This difference is reported as sodium, here- 
after labelled “sodium’’. On this basis, the subtotals of 
the equivalent per million and per cent reacting values 
of the positive and negative ions are equal. 


Original manuscript received in Society of Petroleum Engineers of- 
fice July 15, 1957. Revised manuscript received May 18, 1958. Paper 
presented at 32nd Annual Fall Meeting of Society of Petroleum En- 
gineers in Dallas, Tex., Oct. 6-9, 1957. 
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CORRELATION OF WATER ANALYSES DATA 


Previously reported methods for correlating oilfield 
waters have used part of the data in Table 1, and can 
be classified into two categories. 


CORRELATION BY CHEMICAL CHARACTER 


Correlation methods using the chemical character of 
waters, as represented by the per cent reacting values 
of the ionic constituents, have been used by Palmer’ 
and Tickell’. These methods have the limitation of neg- 
lecting the ionic concentration of the waters. This lim- 
itation can be serious in areas where waters have the 
same chemical character, but differ in concentration. 


CORRELATION BY CONCENTRATION 
OF THE IONIC CONSTITUENTS 


The Reistle* and the Stiff’ methods use the ionic con- 
centration in parts per million and equivalents per mil- 
lion. These methods are effective in differentiating 
waters of similar chemical character and varying con- 
centration, as in the highly saline waters of the Mid- 
Continent area. 

These methods have the disadvantage that they corre- 
late waters by comparing many graphs of individual 
water analyses to determine the similarity to, or the 
variance from “type” waters. 


PROPOSED METHOD OF CORRELATING 
WATER ANALYSES DATA 


Correlation graphs presented in Fig. 1 represent water 
analyses data as points to facilitate the correlation of 
waters. The graph on the left of Fig. 1 is a plot of per 
cent reacting value of magnesium vs calcium. The right 


TABLE 1—GEOCHEMICAL ANALYSIS OF WATER 
(Sample No. 152) 


lons Parts per Million Reacting Value 
Positive Milligrams per Liter Equivalents per Million Per cent 
Sodium Nat 9,185.9 399.44 24.99 
Calcium Cat+ 7,693.4 383.90 24.02 
Magnesium Mgt+ 191.1 15572 0.99 
Barium Batt 0 0 
Subtotal 799.06 Subtotal 50.00 
Negative 
Sulfate SO4= 209.9 4.37 0.27 
Chloride 27 862.1 785.79 49.17 
Carbonate CO3= Q 0 0 
Bicarbonate HCO3- 543.1 8.90 0.56 
Hydroxide OH- 0 {0} 0 
lodide lie 0 0 0 
Subtotal 799.06 Subtotal 50.00 
Total 45,585.5 1,598.12 100.00 
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graph is a plot of per cent reacting value of sulfate 
vs the sum of carbonate and bicarbonate. 

Table 2 contains data for the labelled samples in 
Fig. 1. Total reacting values in equivalents per million 
divided by 100 are shown in parentheses after the sam- 
ple number. The ionic concentrations can be compared 
by multiplying the plotted percentage values by the 
total reacting value. 

Many oilfield water analyses report only the pres- 
ence of the three positive ions, sodium, calcium and 
magnesium. Plotting of calcium and magnesium per- 
centages in effect indicates the sodium per cent re- 
acting value. Similarly, plotting the negative sulfate ion 
vs the sum of the negative carbonate and bicarbonate 
ion percentages will usually indicate the per cent react- 
ing value of chloride by difference. 

Fig. 1 shows 167 water analyses plotted as points 
on both graphs. Many of the points fall in definite 
groups. Points representing waters of equal total react- 
ing value and lying in proximity to each other may 
represent a type water. They also can be similar mix- 
tures of type waters. All available data should be used 
to determine that they represent waters from a com- 
mon source. The outline of points representing waters 
from a common source is considered to be the approxi- 
mate limits of a type water. As a large amount of data 
are plotted, the type waters may be represented as an 
average value which can be verified by intersecting 
trends of known water mixtures. The approximate lim- 
its of four type waters are indicated and labelled as 
waters A, B, C and D. Points falling between type 
waters are mixtures. A water, represented by a point 
lying near a straight line between two type waters and 
with an intermediate total reacting value, may be a mix- 
ture of the two waters. The mixture can be more ac- 
curately identified as explained in the section “Mixture 
of Two Waters”. Similarly, a point lying between three 
type waters may be a mixture of the three and can also 
be identified as explained in the section “Mixture of 
Three Waters”. 

Changes in composition can be followed by connect- 
ing plotted points of samples of interest. The solid line 


TABLE 2—WATER ANALYSIS DATA USED IN FIG. 1; PER CENT 
REACTING VALUE 
HCOs- Total Equiv. 


No. qu 
Sample Date Nat Ca++ & COs= Per Million 


23 2-2-54 48.39 0.32 1.27 0.00 40.94 9.06 1,090 
91 1-19-51 40.85 5.45 3.70 0.01 49.41 0.57 1,392 
118 12-1-54 45.36 2.33 2.28 0.02 45.77 4.18 1,247 


147 2-4-56 35.51 12.76 1.71 0.07 48.00 1.93 1,422 
152 2-16-56 24.99 24.02 0.99 0.27 49.17 0.56 1,598 
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through Samples 23 and 147 on the positive ion graph 
shows the trend of six samples from the same well. 

Equivalent per million values can be plotted in a 
manner similar to Fig. 1 to provide an alternate cor- 
relating method. This method is not illustrated, but is 
used in the same manner as the per cent reacting value 
plots. Choice of methods will depend on the particular 
problem. Per cent reacting values can be used to ad- 
vantage when correlating waters of different chemical 
character, but similar ionic concentrations. Equivalent 
per million values can be used when correlating simi- 
lar waters with varying ionic concentrations. ‘ 


IDENTIFICATION OF A MIXTURE OF 
TWO WATERS 


When waters mix without loss or gain of ions, the 
resulting mixture should contain an amount of each 
ion in proportion to the percentage of each water in 
the mixture. Such a mixture will hereinafter be referred 
to as an ideal mixture. Precipitation, base exchange, or 
other reactions may occur to result in mixtures that are 
not ideal. Therefore, it is advisable to compare all ions 
when studying mixtures of water. 

Sample 118, which lies near the dashed line in Fig. 
1, appears to be a mixture of Water A (Sample 23) 
and Water B (Sample 91) and will be used as an ex- 
ample. Table 3 gives the data for these waters that 
have been used to construct the simple proportion 


| chart, Fig. 2. 


All values of Sample 118 do not fall on a vertical 
straight line which would represent an ideal mixture of 
Waters A and B. The best vertical line representing the 
points is drawn at 51 per cent Water B and 49 per cent 
Water A. The magnesium, bicarbonate, chloride and 
the total reacting values for the mixture fall on the ver- 
tical line indicating precipitation has not occurred. Cal- 
cium appears to be 16 equivalents per million too low 
and sodium appears to be 16 equivalents too high for 
an ideal mixture. A possible explanation of these vari- 
ances from an ideal mixture of Waters A and B is 
that base exchange has occurred as the water mixture 
passed through sands containing clay. The sulfate ion 
is considered of no significance in this sample because 
of its very low concentration in the three waters. 


TABLE 3—WATER ANALYSIS DATA USED IN FIGURES 1, 2, AND 5; 
EQUIVALENTS PER MILLION 


lons Water A Water B Water C Sample 118 Sample 147 
Nat 527 569 399 566 505 
Cat+ 14 76 384 29 182 
Mgtt+ 4 1 16 29 24 
SO«= 0.0 0.2 4 0 1 
Cl- 446 688 786 571 683 
COa= 0 
HCO3 99 8 i) 52 27 

Total 1,090 1,392 1,598 1,247 1,422 

WATER 
SAMPLE 
1204 

EQUIVALENTS EQUIVALENTS 
PER PER 
MILLION WILLION 
404 +400. 

SULPHATE 


PERCENT WATER "B" IN| MIXTURE 


Fic. 2—Mrixture oF Two WATERS. 


403 
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IDENTIFICATION OF A MIXTURE OF 
THREE WATERS 


A method which can be used to identify a mixture 
of three waters is based on the use of an equilateral 
triangular prism. An isometric view of such a prism is 
shown in Fig. 3. Planes drawn within the prism are 
used to represent each ion. For simplicity, only the cal- 
cium and magnesium planes are shown. The calcium 
plane will be discussed to illustrate the principles of 
the method and the construction of proportion charts. 

The position of the calcium plane in the prism is de- 
termined by placing the equivalents per million values 
of calcium for each of Waters I, II and III on the three 
vertical axes of the prism. The value of calcium in a 
particular mixture of the three waters will be a point 
on the calcium plane. A horizontal line through this 
point can be drawn to intersect two of the three 
edges of the calcium plane. Fig. 4 illustrates the method 
of determining where such horizontal lines intersect the 
edges of the planes. On the left of Fig. 4 is a view of 
the three sides of the prism opened to a plane. The solid 
lines connecting the vertical axes are the edges of the 
calcium and magnesium planes shown in Fig. 3. A hori- 
zontal dashed line is drawn as shown from the calcium 
value on the mixture column to intersect the edges of 
the calcium plane at X and Y. Vertical dashed lines 
from X and Y intersect the edges of the prism base 


WATER I 


WATER I WATER If 
EQUIVALENTS 
PER 
MILLION 
50 100 
PERCENT OF WATER II 


Fic. 3—TriIaANcuLAR Prism REPRESENTING MiIx- 
TURES OF THREE WATERS. 
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OF IW WIXTURE 


EQUIVALENTS 
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TRILINEAR PLOT OF 
PLAN VIEW OF PRISM 
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|%I——> | 


VIEW OF THREE SIDES OF PRISM OPENED TO A PLANE 
Fic. 4—Construction CHart—MIxture OF THREE WATERS. 


at X’ and Y’. Points X’ and Y’ on the trilinear chart 
will form a line which is a projection of the horizontal 
line in the calcium plane. The magnesium line Z’W’ 
on the trilinear chart is drawn in a similar manner. 

If no loss or gain of any ion occurs as a result of 
mixing, the projected lines for all the ions in the mux- 
ture should intersect at a point on the trilinear chart to 
represent an ideal mixture. The point of intersection 
represents a vertical line in the prism which is deter- 
mined by points on each of the ion planes at the con- 
centration of each ion in the mixture. 

Sample 147 of Fig. 1 is used as an example. Table 
3 contains the data for Waters A, B, C and Sample 147 
which are used on the proportion chart, Fig. 5. .The 
total reacting value lines in Fig. 5 are used to explain 
the procedure. The plotted points of 1,090 on the left 
vertical Column A, 1,392 on Column B, 1,598 on Col- 
umn C and 1,090 on the right Column A are connected 
as shown. A point is placed at 1,422 on the Sample 
147 column to represent the total reacting value of the 
mixture. A horizontal dashed line is drawn from this 
point to intersect the total reacting value lines BC and 
CA. Vertical dashed lines from these intersection points 
intersect the abscissa at 15 per cent C and 35 per cent 
A. A straight line is drawn to connect 15 per cent C 
and 35 per cent A on the edges of the trilinear chart 
in Fig. 6. The other six lines on the trilinear chart, 
each of which represent an ion, are constructed in a 
similar manner. 

It will be noted that all seven lines do not intersect 
at a point. The point best representing the intersections 
of all lines is found at the 21 per cent A, 32 per cent 
B and 47 per cent C. This mixture of Waters A, B and 
C would result in approximately the same chemical 
composition as Sample 147. Lines not passing through 
this intersection point indicate a difference in ionic con- 
centration from an ideal mixture of the three waters. 
The mixture is identified by the point that has the least 
amount of variance of all ions from an ideal mixture. 
The variance of all of the ions in the mixture has been 
calculated and is listed in the last column of Table 4. 
The indicated equality of the sodium gain and the 
calcium loss lends support to the conclusion that cal- 
cium is base exchanging with sodium as the water 
mixture passes through sands containing clay. 

The variance from an ideal mixture can also be gra- 
phically determined by parallel shifting of lines as 
shown by the dashed lines for sodium and calcium 
in Fig. 6. The equivalents per million values of the 
ideal mixture represented by the shifted lines can be 
determined by reversing the procedure and reading 
values in Fig. 5. 

Na 
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HCO3 
OTAL 
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Fic. 6—TRILINEAR CHART—MIXTURE OF 
THREE WATERS. 


The graphs presented in this paper offer the follow- 
ing advantages for correlating waters. 

1. Numerous water analyses data can be plotted as 
points for rapid and easy correlation. © 

2. Type waters can be readily distinguished from 
mixtures of waters by comparing their placement as 
points on the correlation graphs and their ionic concen- 
tration. 

3. Trends of changes in composition of waters can 
be followed. 

4. The correlation graphs make available all pre- 
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TABLE 4—CALCULATED VS ACTUAL ANALYSIS, A MIXTURE OF 
THREE WATERS—SAMPLE 147 
(Equivalents per Million) 


Calculated 
per per per Sample 
Water Water Water cent cent cent Total 147, Column 
A B Cc A B Cc (1) (2) 
527 569 399 111 182 187 480 505 
Ca++ 14 76 384 24 180 207 
Mgt* 4 51 16 J 16 7 24 24 0 
SOs= 0.05 0.2 4 0 0 2 2 1 =—1 
446 688 786) 220) 6370 683 683 0 
HCO3- 99 8 4 27 27 0 
Total 1,090 1,392 1,598 229. 444° 5750-1, 423) 


viously plotted data for immediate comparison. Pos- 
sible errors of interpretation should be reduced to a 
minimum. 

Proportion charts to identify two and three water 
mixtures supplement the correlating graphs and con- 
firm the conclusion that waters can be correlated and 
mixtures can be identified by the proposed methods. 
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The Thermal Recovery Process— An Analysis of 
Laboratory Combustion Data 
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By considering the stoichiometry of the underground 


combustion process, an equation was derived relating — 


the point velocity of the combustion front as a function 
of the air flux, fuel content, efficiency of oxygen utiliza- 
tion, hydrogen:carbon ratio, and ratio of carbon dioxide 
to carbon monoxide produced. In addition, an equation 
for calculating the amount of injected air necessary to 
produce the oil from I cuft of reservoir space was 
derived. This equation has a direct bearing on evaluat- 
ing compression costs for the process. Values calculated 
from these equations are in good agreement with ex- 
perimentally observed values obtained from laboratory 
tube runs reported in the literature. The equations are 
also useful for analyzing experimental data for incon- 
sistencies. 


IN TRODUC LEON 


The injection of energy in the form of heat into an 
oil-bearing formation as a means of increasing the 
recovery of oil has been the subject of much discussion 
and experimentation as far back as 1920. The ideas 
have ranged from the injection of steam to the direct 
use of electricity as a means of getting thermal energy 
into a formation. 

However, most laboratory and field studies have been 
confined to the process whereby a portion of the crude 
in the reservoir is burned to generate the necessary 
heat to increase the mobility of the oil by reducing 
its viscosity. A recent paper by W. L. Martin, et al.’, 
described the results of a number of laboratory experi- 
ments in which the combustion process was studied in a 
sandpack. Studies such as this indicate that with the 
temperatures involved, the oil is partially coked in this 
process and it is this coke which provides the fuel 
for combustion. The combustion of this residual coke 
can be analyzed theoretically by applying simple stoich- 
iometric principles to the combustion process. 

It is the purpose of this paper to compare the results 
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reported in these experiments with those obtained from 
theoretical considerations. The variables studied by 
Martin, et al, among others, include combustion front 
velocity, air flux, oxygen utilization, fuel concentration, 
ratio of carbon dioxide and carbon monoxide in com- 
bustion gases, and the hydrogen:carbon ratio of the 
residual fuel. All these variables come into considera- 
tion when the stoichiometry of the combustion process 
is studied. The experimental conditions and results are 
tabulated in Tables 3 and 4 of Ref. 1. For purposes of 
comparison with calculated results, it was necessary to 
change the units of a number of the variables. 


UNDERGROUND COMBUSTION 
STOICHIOMETRY 


The combustion or oxidation of the carbonaceous 
residue or “coke” on the sand can be described in 
terms of the equation: 


2m + 1 n m 1 


where n is atomic ratio of hydrogen to carbon, m is 
ratio of moles of CO. to CO produced, and CH, is 
taken as the unit molecular weight, realizing that actu- 
ally the coke has a large range of high molecular 
weights. 

Assuming that all the fuel laid down in the sand is 
burned, the ratio of moles of oxygen consumed to 
moles of coke can be written as follows. 


Moles O, 2m+1 n 
In terms of moles O, per pound of coke, 
Moles O, 2m n 


where 12 + n is the molecular weight in pounds per 
mole. 

If the O, consumed is measured in standard cubic 
feet (60°F and 1 atm) and the coke in pounds per 
cubic foot of formation, Z, then: 
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scf O, 2m + 1 n il 
— = 379 |~——_ 7 
(4) 


or in standard cubic feet of air (where Y is the frac-. 


tion of oxygen consumed), 
scf air 379 1 | 


cu ft reservoir 021Y|2m+2° 4 


(5) 
379 is the standard cubic feet of gas at 60°F and 1 atm 
occupied by 1-lb mole of the gas. 

In general, combustion takes place in a relatively 
narrow zone which moves in the direction of air move- 
ment. The combustion front may be defined as an 
integrated average position within this zone determined 
by the degree of consumption of the coked residue in 
the zone. If V; is defined as the velocity of a point in 
the combustion front (ft/hr) and A the cross-sectional 
area of the reservoir at a point in the front (sq ft), then 
V,A is the volume of reservoir burned in one hour. 
Multiplying both sides of Eq. 5 by V;A results in 


(scf air) (VrA) | 379, [2m+1 n || 1 


(6) 


cu ft reservoir 0.21Y | 2m + 2 


Simplifying and rearranging: 
scf air 379 dl n | 1 


A 


(7) 
—~—_____*_as ,, the’ air flux at the point in the 
hr A 
combustion front, and writing Eq. 7 in terms of V;, the 
point velocity of front movement, 


1.109 10°(12 + n) 
2m len 

The constant 1.109 X 10° has the units of pound moles 
of oxygen per standard cubic foot of air at 60°F and 
1 atm pressure. 

One of the important factors in determining the 
economics of an in situ combustion process is the 
amount of air required to produce the oil in 1 cu ft 
of reservoir space. The limiting value of this variable 
car be obtained by calculating the amount of air 
required to move the combustion front through 1 cu ft 
of reservoir space. Eq. 8 can be rearranged as follows, 


Defining 


21 


The ratio of 6;/V; is equal to the volume of air neces- 
sary to sweep the oil out of 1 cu ft of reservoir volume 
behind the front. 


COMPARISON WITH EXPERIMENTAL 
TUBE RUN DATA 


Of the six variables appearing in Eq. 8, one can 
assume any five as independent variables and the sixth 
as the dependent variable. Using the experimental data 
appearing in Tables 3 and 4 of Ref. 1, after reduction 
to the proper units, the experimental values were sub- 
stituted into Eq. 8 and the calculated dependent variable 
compared with the experimentally observed value. In 
the case of the air required per cubic foot of formation, 
Eq. 9 was used. The results of this comparison. are 
tabulated in Table 1. The agreement is good, particu- 
larly in Runs 13 through 17. Run 18 was interrupted and 
there is some question as to the accuracy of the 
experimentally measured results. In Runs 13 through 
17, the discrepancy between calculated and experi- 
mental values of frontal velocity and fuel concentra- 
tion varied from — 3.7 to — 8.8 per cent. In the case of 
the air flux, oxygen utilization and air required, this 
discrepancy ranged from + 3.5 to + 8.0 per cent. For 
any given variable, the deviations are all in the same 
direction. 


It is helpful to understand the method of measuring 
combustion front velocity used by Martin, et al,’ before 
comparing their results with those predicted by stoich- 
iometry. They defined the rate of advance of the com- 
bustion front under steady-state operation as the rate 
of advance of a certain temperature level thought to be 
representative of combustion conditions. The - corre- 
spondence between the velocity of movement of a 
given temperature level and the velocity of the actual 
combustion front will depend upon the existence or 
non-existence of transients in the tube runs. It is inter- 
esting to note that an error of 1 to 6 in. in defining the 
position of the front as a function of time in the au- 
thors’ tube runs would account for the deviations given 
in Table 1. 


In analyzing the experimental data, there appear to 
be two inconsistencies in the observed measurements. 
The first is oxygen utilization. From observations in 
the literature and our own experience, one would 
expect that oxygen utilization would approach 100 per 
cent. The experimental values of oxygen utilization 
reported appear to be quite low. This could have been 
due to channeling of air along the walls of the tube. 
Assuming this to be the case and since the air flux 
reported is the gross value, this discrepancy would not 
show any effect when substituted into Eq. 8, since the 
product of oxygen utilization, Y, times air flux, ®,, 
would be equal to the effective values sustaining the 
combustion. However, in determining the minimum 
fluxes necessary to sustain combustion at the ignition 
temperature, any channeling resulting in inefficient 
oxygen utilization would certainly result in a larger 
experimentally measured value of flux than was actually 
the case. 


TABLE 1—COMPARISON OF CALCULATED VS EXPERIMENTALLY MEASURED VARIABLES. 


Air required 
Vr br/Vr 
Run No n m exp calc. exp- calc. exp. calc. exp. calc. exp. calc. 
13 RCE! 3.38 0.121 0.128 29.5 27.9 1.19 1.26 0.849 0.802 245 230 
14 1.33 2.61 0.136 0.147 29.7 27.4 elie iis22 0.901 0.830 219 202 
15 1.405 3.21 0.127 0.132 31.8 30.6 133 4 1.38 0.914 0.880 251 242 
16 1.24 3.00 0.215 0.223 63.5 61.2 1.45 1.50 0.823 0.793 295 285 
17 0.975 3.85 0.350 0.374 125.0 117.0 1.27 1.36 0.603 0.564 358 335 
18* 1.33 3.68 0.036 0.042 10.7 9.2 1.47 | 1.71 0.956 0.818 301 258 
(assumed) 


*Run 18 was interrupted and therefore the experimental results from a 
**Experimental values of Z were obtained by converting pounds of car 
tally. measured values of C:H ratio and 36 per cent porosity. A value of 2. 
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steady-state standpoint are in question. ‘ ‘ 
bon burned per 100 Ib of sand from Table 4 of Ref. 1, using the experimen- 
65 was assumed for the specific gravity of the sand particles. 


407 


= 


TABLE 2—COMPARISON OF CALCULATED YS EXPERIMENTALLY MEASURED VARIABLES ASSUMING n = 1.6 


Air required 


Vr br Y Or/VF 
Ic. 

Run No n m exp calc exp calc. exp. calc. exp. calc. exp. ca 
13 1.6 3.38 0.121 0.122 29.5 29.3 1.20 1.21 0.849 0.844 cg or 
14 1.6 2.61 0.136 0.141 290 28.7 1.14 1.18 0.901 
15 1.6 3.21 0.127 0.127 31.8 31.8 1233 1.35 0.914 0.91 Sos ane 
16 1.6 3.00 0.215 0.207 63.5 65.8 1.49 1.44 0.823 0.853 ach aa 
17 1.6 3.85 0.350 0.356 125.0 123.0 1.34 1.36 0.603 0.594 oe oy 
18* 1.6 3.68 0.036 0.040 10.7 9.7 1.50 1.65 0.956 0.870 


2 
*Run 18 was interrupted and therefore the experimental results from a steady-state standpoint are in question. , 
**Experimental values of Z were obtained by~ converting pounds of carbon burned per 100 Ib of sand from Table 4 of Ref. 1, using 1.6 as the 


H:C atomic ratio, 36 per cent porosity of the sand pack as reported, 


and 2.65 as the specific gravity of the sand particles. 
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EXPERIMENTAL FRONTAL VELOCITY Vp, FEET PER HOUR 


Fic. 1—ComparIsoN OF CALCULATED vs EXPERI- 
MENTAL FRONTAL VELOCITY. 


The second inconsistency was in the observed hydro- 
gen:carbon atomic ratio. For a given crude oil and 
reservoir rock, one would expect the hydrogen:carbon 
ratio to remain relatively constant. The validity of this 
supposition can be evaluated by using Eq. 8. Assuming 
the hydrogen:carbon ratio to be constant and equal 
to 1.6 and correcting the observed carbon consumption 
to residual fuel concentration, using the value of 1.6, 
values of the variables were again calculated and com- 
pared to the experimentally observed values (see Table 


2). The agreement this time is much better, varying 
from — 3.5 to + 3.5 per cent for frontal velocity and 
residual fuel concentration, and from — 3.6 to + 3.4 
per cent for flux, oxygen utilization and air required 
for Runs 13 through 17. Again, Run 18, although the 
agreement improved, was not included in this compari- 
son because of the question regarding the accuracy of 
the experimental data. A plot of the calculated vs the 
experimental frontal velocity is shown in Fig. 1 for 
both calculated cases. 

The contention that 1 is a relatively constant value 
would seem to be borne out by these calculations. 
However, it is also shown that a large variation in the 
value of n, as much as 50 to 70 per cent, has only a 
minor effect on the value of the frontal velocity, air 
flux, fuel concentration and combustion efficiency. 


EONCLUSTONS 


From a consideration of the stoichiometry of the 
combustion reaction of the underground combustion 
process, an equation can be derived relating frontal 
velocity at a point, air flux, oxygen utilization, residual 
fuel concentration, hydrogen:carbon ratio and the ratio 
of carbon dioxide to carbon monoxide in the com- 
bustion gases. Values calculated from this equation 
are in good agreement with experimentally observed 
values obtained from tube runs reported in the litera- 
ture.1 The equation is also useful in analyzing experi- 
mental data for apparent inconsistencies. 
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ABSTRACT 


It has been suggested that streaming potentials are 
not normally logged because the streaming potentials 
known to be generated across mud filter cakes are sub- 
stantially cancelled by streaming potentials generated 
in contiguous shale beds. Laboratory measurements of 
streaming potentials across hand specimens of shale 
have been adduced as evidence to support the suggestion. 
The experiments show that streaming potential depends 

on the resistivity of the equilibrating solution and on 
pressure drop. Measurements were made perpendicular 
to the bedding planes of the shales. 

The mechanism of streaming potential generation in 
shale which the suggested cancellation theory implies 
has been critically examined. Conclusions reached are 
tested by comparing self potentials logged before and 
immediately after changing the resistivity (but not the 
weight) of mud in a borehole. The resultant SP change 
is found to equal the theoretical electrochemical poten- 
tial change, i.e., cancellation of streaming potential is 
independent of mud resistivity. Since streaming po- 
tentials generated across mud filter cakes depend 
critically upon mud resistivity, shale streaming potential 
in situ must be equally sensitive. 

Using plausible values for the permeability, porosity 
and compressibility of shale, the van Everdingen-Hurst 
approach shows that the pressure drop between bore- 
hole pressure and formation pressure in a radially homo- 
geneous shale is unlikely to coincide with the zone of 
filtrate invasion. If, perchance, this coincidence occurs 
with one mud a change to a second must result in non- 
coincidence, i.e., a SP. logged in the second mud should 
show a streaming potential. The dilemma may be over- 
come by postulating: (1) permeabilities of shales parallel 
to their bedding planes greatly exceed their cross-bedding 
permeabilities; (2) a resistivity-sensitive mud cake of 
low permeability forms either on the face of, or prob- 
ably in the laminations of, many shales. 

These postulates are examined with reference to the 
pressure and SP histories of the McClosky and Aux 
Vases zones in the Illinois Basin and some support for 
them found. 

It is concluded that a definitive solution to the stream- 
ing potential problem does not exist. 


Original manuscript received in Society of Petroleum Engineers 
office Feb. 4, 1958. Revised manuscript received April 28, 1958. 
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INTRODUCTION 


Recently Gondouin and Scala* published a contribu- 
tion to the streaming potential problem which is notable 
particularly for the elegance of its experimental tech- 
niques. The conclusions drawn by Gondouin and Scala 
from their studies amplified those previously suggested 
by Schenck’. In essence they suggested that the stream- 
ing potentials known to develop across mud filter cakes’ 
are not normally observed on SP logs because they are 
largely cancelled by streaming potentials generated in 
adjacent shales. 

This suggestion appears so reasonable that many 
workers in the logging field will be prone to accept it. 
We incline strongly to the. view that the suggestion is 
basically correct. Nevertheless, it is important to realize 
that the cancellation hypothesis in the form put forward 
by Gondouin and Scala does not appear to meet all the 
known experimental facts. It is the principal intention 
of this note to call attention to what appears to be a 
flaw in the relevancy of the exverimental evidence ad- 
duced by Gondouin and Scala and to suggest an alterna- 
tive hypothesis to remove it. The consequences of the 
new hypothesis are compared with field data which, we 
believe, are unique. A second but not less important 
purpose of this note is to emphasize that even the new 
hypothesis does not fully explain all field observations. 
Hence we conclude that further study of the streaming 
potential problem is required before it can be said 
that a definitive solution to it has been attained. 

The bare experimental bones of laboratory data on 
streaming potentials appear to be as follows. 

1. A streaming potential is developed across a mud 
filter cake. This streaming potential is virtually inde- 
pendent of cake thickness but depends on the mud 
resistivity. The relationship is of the form, Ein. = kip’; 
where k, = fi(Rn)- 

2. A streaming potential is developed across a shale. 
This potential is independent of shale thickness but 
depends on the resistivity of the permeating solution if 
the shale has been first equilibrated in this solution. 
The relationship is of the form, E,, = k.p, where 
k, 

The relationship in (1) was determined first by 
Wyllie’, confirmed by Gondouin and Scala and qualita- 


1References given at end of paper. 
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tively checked also by Sen Gupta and Banerjee’. The 
relationship in (2) was established by Schenck’; it forms 
the subject of Gondouin and Scala’s paper. We note 
that for reasons of experimental practicability, all 
streaming potential measurements on shales have been 
made with the pressure difference causing flow directed 
perpendicular to the bedding planes of the shale. 
Conclusions concerning streaming potentials which 
are based on field observations are less definite. The 
principal ones which might be acceptable to a majority 
of logging specialists are: (1) in regions where subsur- 
face pressures are normal the streaming potential com- 
ponent of the SP curve is small or zero, (2) in regions 
where subsurface pressures are abnormally low streaming 
potentials are sometimes evident, and, (3) if the hydro- 
static pressure in a borehole is suddenly altered the 
magnitude of the SP opposite sands is altered. 


THEORETICAL DISCUSSION 


The SP as measured and defined is the difference 
between the borehole potential opposite sands and 
shales. Thus, only the algebraic difference between 
streaming potentials generated in sands and shales can 
be recorded. The streaming potential in a sand is, in 
most cases, the streaming potential across the mud filter 
cake which sheaths the sand face*. This streaming poten- 
tial is a function of mud resistivity. If the resistivity but 
not the density of a drilling mud is changed, not only 
does the electrochemical component of the SP change 
but so also does the filter-cake streaming potential. What 
happens under similar circumstances to the streaming 
potential generated in a shale? We have a reasonable 
amount of field evidence, for example that shown in 
Fig. 1, which suggests that the shale streaming potential 
changes by virtually the same amount as the filter-cake 
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streaming potential. That is, the field data indicate 
that the change in SP resulting from a deliberate change 
in mud resistivity closely approximates the theoretical 
change in electrochemical SP. These data, we believe, 
are incompatible not only with the experimental results 
of Gondouin and Scala but also with the transient 
pressure distributions that exist in sands and shales 
penetrated by a borehole containing weighted mud. 

Gondouin and Scala show experimentally that the 
streaming potential across a shale depends both on the 
resistivity of the fluid that saturates the shale and the 
pressure drop across it; they show also that the per- 
meabilities of shales in a direction perpendicular to 
their bedding planes are in the range of 10° to 10° md. 
It seems possible that the permeabilities of many shales 
are much larger in a direction parallel to their bedding 
planes; indeed, data obtained when investigating lost 
returns indicate that horizontal permeabilities may 
depend upon the difference between mud and formation 
pressures. 

Fig. 2 shows, as a function of time, what percentage 
of the difference between the borehole mud pressure 
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and the formation pressure of a shale, at the same level, 
occurs across the zone of mud filtrate invasion into 
the shale. The method of calculation uses numer- 
ical results from van Everdingen and Hurst’, and from 
Jaeger’. Details of the assumptions made are given in 
the Appendix. It will suffice here to note the following. 
Even when horizontal shale permeabilities between 10° 
and 10° md are assumed, only a small percentage of the 
total pressure drop occurs across the invaded zone in 
the normal time interval between drilling a shale and 
logging it, i.e., from 2 to 200 hours approximately. The 
pressure drop is largely concentrated in that part of the 
shale which is uninvaded. Thus, the streaming potential 
into the shale consists of two potentials in series. One 
is in the uninvaded zone and one in the invaded. Since 
streaming potential is proportional to pressure drop, the 
sum of the two potentials is likely to be dominated 
by the streaming potential in the virgin shale. And this 
will be constant and independent of mud resistivity. 

This conclusion can be tested experimentally. When 
a mud of high resistivity is used and no potential in 
excess of an electrochemical potential is observed, the 
shale and filter-cake streaming potentials presumably 
cancel. A change to a mud of lower resistivity, by 
decreasing the streaming potential across the filter cake, 
should result in a SP smaller than that anticivated from 
electrochemical considerations only. That is, the SP 
recorded in the mud of lower resistivity should be less 
than the original SP by the sum of the eletrochemical 
potential change and the change in the. streaming poten- 

_tial across the filter cake on the sand. Fig. 1 is typical 
of field data which, we believe, show this conclusion 
to be unfounded. The expected streaming potential 
change is based on the curves given in Fig. 4. 

The case cited is that in which the formation pres- 
sures of sands and adjacent shales are the same. 

If data of the kind shown in Fig. 1 are to be expli- 
cable, it appears to us that streaming potentials generat- 
ed by both the shale and filter cake must be functions 
of the mud resistivity. In order to rationalize this belief 
it is necessary to postulate that a filter cake is built up 
either between the foliations of a shale or directly on 
its borehole face. This filter cake must have properties 
very similar to those of a filter cake formed on a sand; 
in particular, the permeability of shale filter cakes must 
be smaller by several orders of magnitude than the 
permeability of shales measured parallel to their bedding 
planes. 

On this view the major portion of the pressure drop 
between the mud column and the shale occurs across 
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the shale filter cake. The streaming potential generated 
in the shale is thus located immediately adjacent to the 
borehole; like that across a sand filter cake it will 
strongly depend on mud resistivity. The approximate 
pressure and streaming potential distributions to be 
expected when the formation and shale pressures are 
respectively equal and unequal are shown in Fig. 3. 


PHYSICAL MODELS 


‘When the pressures in sand and shale are equal the 
net streaming potential logged will be | Ein. — Exse |; 
any observable streaming potential component of the SP 
will result from differences in the electrochemical nature 
of the shale and sand filter cakes and/or differences in 
the pressure drops across the two cakes. The latter 
factor depends on the respective thicknesses of the 
cakes and the ratios between their permeabilities and 
those of the media on which they form. This is the case 
shown in Fig. 3a. In general the quantity | Exn. — Exsc | 
would be expected to be small. The very large volume 
of practical SP interpretations, successfully carried out 
in the industry on the assumption that no streaming 
potentials exist, seems to confirm this expectation. 

If for some reason the hydrostatic pressure in a shale 
differs from that in a contiguous sand, the condition 
shown in Fig. 3b arises. This condition may be caused, 
for example, if the sand is lenticular, contains under- 
saturated oil and is rapidly depleted. Owing to the low 
vertical permeabilities of shales the pressure in the shale 
lags behind that in the sand; to a first approximation, 
the shale pressure may be considered to remain at the 
original pressure of the virgin sand. There are now 
three streaming potentials. As before two of these occur 
across the filter cakes. The third is caused by water 
expressed from the compacting shale into the contiguous 
low pressure sand. The streaming potential logged is 
now | Exec — |. We shall call this Case 1. 

If the depth of filtrate invasion into a shale is small 
and the formation of a filter cake on. the shale is not 
postulated, a second approach may be made to the 
calculation of the streaming potential arising under the 
conditions shown in Fig. 3b. It indicates that the stream- 
ing potential logged should merely be the difference 
between the streaming potentials generated across the 
filter cake on the sand and across the uninvaded (virgin) 
shale. As already noted this approach does not appear 
to conform to data of the kind shown in Fig. 1.* We 
shall call this Case 2. 


CAsE 1 


= fi(Rn) (Dis 

If R,, is known, approximate values for and 
may be calculated from the correlation of experimental 
data presented by Wyllie’ and shown here as Fig. 4. 

The value of E’,, is the streaming potential generated 
in a material containing cation-exchange material. Much 
evidence suggests that the cation transference number of 
a shale in situ approaches unity, ie., that shale behaves 
in situ as an almost perfect cation-permeable mem- 
brane.’ For such membranes the proportionality constant, 
k., always seems to be close to mv/100 psi’. Such a 
figure is not incompatible with the experimental data of 
Gondouin and Scala. Thus, 


“But this mechanism may be important in the case of shales which 
are not bedded and on (or in) which a filter eake does not 
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Ene = (D'ws — Pws) mv for pressures in psi. 
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In Case 2, E;, is the streaming potential across a vir- 
gin shale bed. It is assumed that the proportionality con- 
stant is 1 mv/100 psi for both horizontal and vertical 
flow of fluid in the shale. 


ANALY SiS°OF FIELD ,DALTA 


The McClosky producing zone and the Aux Vases sand 
in the Illinois Basin are locally notorious for the abnor- 
mal size of the SP they develop. An example is shown in 
Fig. 5. The waters in these pays have been analyzed 
frequently; the analyses are consistent. Typical figures 
for the McClosky zone are Na* = 39,832; Ca™* = 6,088; 
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Mg** = 1,892; Cl = 76,170, SO, = 2,020; HCO; = 
69; and total = 126,091 (all figures are in mg/liter). A 
water of such analysis and high salinity, it is pertinent 
to note, will not give rise to a significant bi-ionic poten- 
tial’. The Aux Vases sand contains water very similar 
to the McClosky zone and lies just above it. 

The following data were garnered concerning logs 
run in wells penetrating the McClosky zone and/or the 
Aux Vases sand: (1) field in which log was run, (2) 
date on which log was run, (3) resistivity and weight of 
mud used, (4) SP opposite McClosky zone and/or 
Aux Vases sand, (5) subsurface depth of McClosky 
zone and/or Aux Vases sand, (6) temperature of Mc- 
Closky zone and/or Aux Vases sand, and (7) bottom- 
hole pressures measured in the McClosky zone and/or 
Aux Vases sand in various fields and the dates of these 
measurements. 

The bottom-hole pressure data were then plotted as a 
function of time in the manner shown in Figs. 6 and We 
Fig. 6 represents the best suite of data obtained. Fig. 7 
is typical of those whose quality was less satisfactory 
and which had to be smoothed to produce a consistent 
decline curve. From these curves (data for eight fields 
were available) the approximate formation pressure at 
the time a log was run was obtained. 

By using R, — R,, correlation charts” the filtrate 
resistivity of each mud was determined; the filtrate 
resistivity was converted to an activity using the charts 
given in Ref. 3. The salinity of the McClosky and Aux 
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Vases waters was similarly expressed as activities. The 
electrochemical component, E,, of each SP was then 
computed for the formation temperatures applicable and 
the streaming potential component from the difference 
between the observed total SP and the computed elec- 
trochemical SP; i.e., E — E,. 

As a first approximation the hydrostatic pressure in 
the shale, p’,,,, was assumed to be the pressure in the 
McClosky zone or Aux Vases sand in each field at the 
time of discovery. The appropriate pressure at the time 
of logging, p,,,, was obtained, as already noted, by in- 
terpolation from the smoothed pressure decline curves. 
The mud pressure, p,,, opposite each zone was computed 
from the density of the mud used and the subsurface 
depth of the zone. Thus, the quantities, (pn — Dw); 
(P — Plws) and (p’ws — Pws), were found. By using Fig. 
4, Exn, and E;,. could be estimated since the resistivities 
of the muds employed were also known. Figs. 8 and 9 
show E.— E, Vs — — (Case 1) 
and Ex, (Case 2). 

The most characteristic feature of both Figs. 8 and 
9 is the scatter of points. Clearly it would be unwise to 
base any dogmatic conclusions upon such data. Never- 
theless their significance must be judged against a back- 
ground made up of the following facts. 

1. No attempt was made to adjust E for the effects 
of bed thickness. 

2. The calculated value of E,,,, and E,,. were based 
on averages taken from Ref. 3 which shows that varia- 
tions of individual muds from the average may be quite 
large. 

3, The calculation of E, was based on average values 
of R,,; obtained from the Schlumberger correlation; 
here again significant divergences of particular muds 
from the average are not uncommon. 

4. The pressure data used were not impeccable al- 
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though the best available. In all cases it was assumed 
that p’,, was the original discovery pressure; this is 
necessarily an oversimplification since p’,,, must tend to 
Pw. With time after discovery. 

5. The assumption that for all virgin shales in situ 
the streaming potential is 1.0 mv/100 psi needs con- 
firmation. It is pertinent to note the absence of any sys- 
tematic shale baseline shift across formations suffering 
rapid pressure decline. This indicates that the streaming 
potential generated in two adjoining shales must be very 
similar (although not necessarily 1.0 mv/100 psi)*. 


DISCUSSION, OF RESULTS 


If viewed in their most favorable light the data shown 
in Fig. 8 may be held to indicate reasonable over-all 
agreement, both qualitative and quantitative, between 
excess potentials deduced from the SP log and stream- 
ing potentials calculated on the assumptions of Case 1. 

The points shown in Fig. 9 are even more scattered 
than those of Fig. 8. Nevertheless, to use this observa- 
tion as a significant factor with which to buttress the 
merits of the Case 1 assumption against that of Case 2 
seems unwise. The data of Fig. 9 are more decisively in- 
fluenced than those of Fig. 8 by the assumption made 
concerning the magnitude of streaming potentials gener- 
ated in virgin shale. A different assumed value for the 
constant relating potential to pressure could reduce the 
scatter and make the points fall closer to the 45° line. 
In particular the horizontal component of the streaming 
potential probably exceeds 1 mv/100 psi. We feel our 


*The general absence of shale baseline shifts on logs implies a 
homogeneity in the electrokinetic character of shales which_is 
belied by the laboratory data of Gondouin and Scala. This paradox 
resembles that which characterizes the electrochemical properties 
of shales (see Ref. 7). It is resolved if our assumption is accepted; 
ie., the significant electrokinetic effects of shales are generated 
in filter cakes near their borehole surfaces and, thus, are related 
more to the properties of the mud than to the shale itself. 
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preference for the Case 1! assumptions over those of 
Case 2 is sustained by data such as those shown in 
Fig. 1. 

If viewed more unfavorably it could be argued that 
the data shown in Figs. 8 and 9 are too scattered even 
to justify the view that the excess potentials of the Illi- 
nois Basin have an electrokinetic origin. The fact that 
two methods of calculating streaming potential as differ- 
ent as those of Cases 1 and 2 both lead to rather simi- 
lar results is an additional argument against attributing 
much significance to the data. 

We take an intermediate view. The data plotted are 
probably as good as any that can be obtained without 
engaging upon an expensive and very lengthy system 
of field observations. The fact that, in Fig. 8 particu- 
larly, most of the points are in the range of 20 to 40 
mv may be undesirable experimentally but is inevitable 
practically, ie., having regard to the fact that mud re- 
sistivities and bottom-hole and mud pressures are in- 
evitably similar in most wells of a field. Nevertheless, 
when a mud of exceptionally high resistivity was used 
and the excess potential was estimated to be 100 mv, 
the streaming potential calculated was 94 mv (Case 1) 
and 137 mv (Case 2). The fact that no form of electro- 
chemical potential will explain the SP abnormalities of 
the Illinois Basin is also an argument in favor of their 
electrokinetic origin. We base this statement on the 
results of both theoretical and experimental investiga- 
tions we have made. Using samples of McClosky reser- 
voir rock, we endeavored to generate bi-ionic potentials 
and potentials resulting from the differential oxidation 
of electronically conducting minerals; all our efforts led 
to negative results. 


SUMMARY AND CONCLUSIONS 


In summary we suggest that electrokinetic potentials 
may be observed in cases where shales are not in hydro- 
static balance with adjacent sands. In cases where hy- 
drostatic equilibrium exists, net streaming potentials are 
likely to be negligible. Mechanistically, we feel these 
two beliefs can be rationalized if it is assumed that there 
exist on shales filter cakes whose properties strongly re- 
semble those of filter cake formed on sands. In particu- 
lar, their electrokinetic properties must be a strong func- 
tion of mud resistivity. 

We conclude by drawing attention to observations 
which we do not feel can be unequivocally explained by 
any present streaming potential hypothesis. We refer 
to the well substantiated fact (see, for example, Fig. 
11 of Gondouin and Scala’) that a change in mud pres- 
sure will change the magnitude of the recorded SP. It 
can be argued, as was done by Gondouin and Scala, 
that this increase is merely a measure of the difference 
in the electrokinetic properties of a shale and the filter 
cake of an adjacent sand. We can argue similarly that 
the SP change represents differences between the prop- 
erties of filter cakes formed on shales and sands. This 
seems unduly glib. In ordinary logging the pressure dif- 
ference between mud column and formations is largely 
arbitrary and controlled by the mud weight carried. It 
seems generally true that no streaming potential is ob- 
served. Yet if this pressure difference is changed the 
SP changes. It is not likely that such behavior is due to 
chance alone. 


We have endeavored to explain the sensitivity of the 
SP to changes in mud pressure by a consideration of 
the transient pressure behavior in the shale and sand 
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filter cakes. No logical explanation is evident. A pos- 
sible starting point for a fuller investigation is a de- 
tailed analysis of the pressure and potential distributions 
that exist in a permeable sand bed sheathed by a filter - 
cake and contained between much less permeable shales. 
The distribution we show in Fig. 4 is grossly oversim- 
plified. Until this has been done we cannot feel that 
a convincing explanation has been afforded of all effects 
of pressure on the SP log. 
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APPENDIX 


Let us make the following assumptions about the 
physical system. 

1. The shale bed is a homogeneous porous medium 
of a constant thickness that is completely saturated 
with water initially. 


2. The flow is two-dimensional and obeys Darcy’s 
law. 


3. The liquid density is approximately a linear func- 
tion of pressure; i.e., p = p; [1 + c(p — pi)]. 

4. No filter cake is formed on the shale. 

5. The filtrate has the same compressibility, density 
and viscosity as the formation water. 

6. The filtrate completely displaces the formation 
water in a piston-like manner. 

If these conditions are met, the governing equation 
for the system is the radial diffusivity equation, 


1 ‘op duc op 


Assuming that the formation is infinite in radial extent, 
that the pressure at the wellbore, due to the mud col- 
umn, is constant and that the formation had a uniform 
initial pressure, the initial and boundary conditions are 
the following. 

p(7,0) = p; 

Pp (00,t) = Di 

P(Tw,t) = Pw 
Eqs. 1 and 2 may be re-written in simpler form by in- 
troducing new variables. 
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Roe oP 

P(R,0) =0 

PO 37) 


where R = r/r,,, tT = Kt/ducr, and P = (p —p,)/(p. 
— pi). 

The solution of Eq. 3 subject to Eq. 4 will give the 
pressure distribution in the shale. Numerical values for 
this solution were tabulated by Jaeger’. 

The cumulative flow into the shale bed is given by 


t t 
and 
= | dz (5) 
R=1 


oO 

The integral in Eq. 5 was evaluated by Van Everdingen 
and Hurst’ for the physical system defined by Eqs. 3 
and 4. The integral was defined as O and given as a 
function of 7. Therefore, 

Since the filtrate completely displaces the formation 

water, Q may also be expressed in terms of the radius 
of invasion, ry. 

Equating Eqs. 6 and 7 and using the previously defined 
‘variable, R, 


Eq. 8 defines R, in terms of 7; since the solution to 

Eqs. 3 and 4 gives P as a function of R and r, the pres- 

sure at the filtrate-formation water interface, P,, is de- 

terminate. The fraction of the total pressure drop oc- 
curring across the invaded zone is then 


(Ap) invaded 
(Ap) total 
Since p and P are related linearly the same expression 
holds for the fraction of the actual pressure drop, p,, 
In Eq. 7 it was implicitly assumed that the density of 
the water was constant; however,.if the pressure drop 
across the invaded zone is large, this assumption will in- 
troduce a small error. To compensate for this, Eqs. 7 
and 8 may be re-written as follows. 
1 + 2ac(p,, 
Po Pi) Pave] (11) 
C(Pw Di) 
where P,,.. = average pressure in the invaded zone. 
These equations are solved with a equal to unity. The 
average pressure is then determined and a corrected 
value for a is found. The equations are then solved 
again. This iterative process is continued until there is 
no appreciable change in R,. 


NUMERICAL EXAMPLE 


The fraction of the pressure drop occurring across 
the invaded zone was determined for the following. 


Case 1: 
(po — pi) = 1,000 psi 
(a) K = 4 X 10° md, $ = .25 
(b) K = 10° md, ¢ = .05 
Case 2: 
(pw — pi) = 2,000 psi 
(a) K =4 X 10° md, ¢ = .25 
(b) K = 10° md, ¢ = .05 
In all cases, u = lep,c = 3 X 10° psi” and r,, = .25 ft. 
The results are presented graphically in Fig.2. *** 
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In order to explain the field observation that a 
“streaming potential” correction to the SP is often un- 
necessary, Wyllie and co-authors propose the interest- 
ing hypothesis that a mud cake is formed on the shales 
as well as on the permeable formations and that the 
streaming potentials from each mutually cancel. While 
this possibility should certainly not be rejected “a priori”, 
more factual evidence would be needed before the exis- 
tence of a “shale filter cake” is accepted. 

Laboratory measurements of shale streaming poten- 
tials using mud, such as those of Schenck’ or of Hill and 
Anderson’, show essentially the same values of poten- 
tial as when a clear solution of the same resistivity is 
used, so that the postulate of a shale mud filter cake 
responsible for the shale streaming potential is not in- 
dispensable. On the contrary, the evidence presented 
by Hill, et al, indicates that mud cakes built on low 
permeability filter beds do not contribute very much to 
the over-all streaming potential since most of the pres- 
sure drop occurs into the formation proper. 
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In arguing for the need of assuming a mud cake on 
the shales, Wyllie, et-al, place great emphasis on a calcu- 
lation of the location of the pressure front with respect 
to the invasion front in shale. It may be noted how- 
ever that their calculation neglects entirely the shale 
matrix compressibility and ionic diffusion’, Due to 
matrix compressibility the “effective” water compressi- 
bility in a porous rock may often be several times 
larger than the numerical value of C= 3 xX 10° pst™ 
taken in this calculation. Extensive alteration of shale 
in the vicinity of the borehole, as shown from sonic 
logs’, may be taken as an indication that mud filtrate - 
penetration into the shale formation is quite deep, which 
would be difficult to explain if diffusion effects were 
negligible, as implied in the present paper. When these 
factors are taken into account, the assumption that the 
pressure drop (Pm — Pws) Occurs entirely in the virgin 
shale does not appear justified. 

The seemingly better grouping of points in Fig. 8, 
compared to that of Fig. 9, may be interpreted simply 
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as an indication that the streaming potential across the 
mud/shale interface must include the mud resistivity 
as a variable. Such would be the case for shale stream- 
ing potential as well as for the hypothetical shale mud 
filter cake streaming potential if one removed the un- 
justified assumption that shale streaming potentials are 
constant regardless of the filtering fluid resistivity. In 
fact, laboratory results’* show that the shale streaming 
potentials differ widely at solution resistivities corre- 
sponding respectively to the McClosky formation water 
(~ .06 Om @75°F) and to the mud filtrate resistivities 
(~ 1 to 3Q m). In view of the very restrictive character 
of the assumptions on which the calculation of Erm. — 
E,, is based, it seems difficult to derive from the plot 
of Fig. 9 any definite conclusion regarding the existence 
of the shale filter cake. 

Finally, it may be relevant to suggest that field experi- 
mental results such as those presented in Fig. 1 be 
taken with great caution. The SP change observed when 
the mud resistivity is changed while the mud weight 
is kept constant is not a simple phenomenon, When a 
new mud is introduced in the hole, the mud cake 
resulting from the previous mud effectively separates two 
fluids of different resistivities (or activities), and due 
to its cation-exchange properties an additional chemical 
or membrane potential is set up, namely, 


for which, 


Rat, 


with K < 59 @ 75°F. 

It is only when the filtration of Rn, through the mud 
cake has brought the resistivity of the fluid in the back 
of the mud cake, No. 1 from R,,,,to R»,,;,, that the mud 


cake membrance potential disappears. The existence of 
such potentials in wells where mud cake separates two 
fluids of different resistivities has been shown in a recent 
paper’, and field experimental results on streaming 
potential to be published shortly indicate that it may 
take several days after a mud resistivity change before 
the SP reaches an equilibrium value. For this reason 
it is difficult to derive any quantitative information from 
SP logs run immediately after a mud changeover. 
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AUTHORS’. REPLY TO M. GONDOUIN 


Gondouin’s discussion reveals that his views on the 
present status of the streaming potential problem differ 
from ours. This is admirable because it is from a con- 
sideration of such expressed differences that further 
knowledge will come. However, it is apparent from 
certain of Gondouin’s comments that in our effort to 
compress our material within the compass of a Tech- 
nical Note we have tended to obscure our arguments. 
We can only apologize for this and do our best here 
to clarify some of the key points which we tried to 
include in the Note. 

Gondouin observes correctly that if a shale is highly 
impermeable the fraction of the pressure drop that will 
occur across any filter cake formed on its face will be 
small. We do not dispute this. It is our explicit hypothe- 
sis that the permeability of shale filter cakes must be 
smaller by several orders of magnitude than the per- 
meability of shales measured parallel to their bedding 
planes. It is the requirement that measurements be 
made parallel to the bedding planes that we conceive 
to be critical. All permeability and other measure- 
ments by Schenk and Hill and Anderson were made 
perpendicular to bedding planes. We would like to 
amplify this concept. 

Gondouin notes that the acoustic velocity of a shale 
near a borehole differs from that of the same shale 
located further from the borehole. We have observed 
the same phenomenon. Gondouin attributes the velocity 
difference (actually a decrease in velocity) to relatively 
deep contamination of the shale by mud filtrate. It has 
been shown’ that the principal factors affecting the 
velocity of a porous body are its porosity and the 
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differential compacting pressure to which it is subjected, 
ie., the difference between the geostatic pressure on the 
solid matrix and hydrostatic pressure on the pore fluids. 
The time-average formula shows the velocity difference 
resulting from a change in the salinity of the intersti- 
tial water in a low-porosity material like shale to be a 
second-order effect when compared with pressure effects. 
We suggest that the stress relief in the vicinity of the 
borehole (which actually results from the presence of 
the borehole) radically reduces (20 per cent differ- 
ences are common) acoustic velocity adjacent to the 
borehole wall by reducing the effective differential 
compacting pressure on the shale laminae in this 
region. A local increase in horizontal permeability 
(flow between the laminae) is also very probable. 
The blocking of this permeable zone by mud debris 
may well be our hypothetical filter cake. 

Opinions may differ concerning the value of the 
effective water compressibility to be taken in calculating 
the rate of radial movement of a pressure front. We 
shall merely note that the permeability and porosity 
to be assumed are of equal importance; we have cov- 
ered a wide range of these variables and have not 
simplified our calculations by assuming a linear system’. 
It is important to note that whether one does or does 
not believe in higher values of effective compressibility 
or the importance of molecular diffusion, the results 
of changing mud resistivity (exemplified by Fig. 1 of 
our Note) remain crucial. It is in evaluating. such ex- 
periments that there seems to be a difference of opinion 
between Gondouin and ourselves. 

We have rather consistently found that a change 
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in mud resistivity results in a new and stable SP by 
the time we rerun our log. For example, in the first 
paper published on the auantitative evaluation of the 
SP’, there are shown three SP logs run in the same well 
within 48 hours (Fig. 2 of Ref. 3). The mud resistivity 
was twice radically changed within this period by addi- 
tion of sodium chloride. The SP differences are almost 
precisely those expected from the electrochemical theory 
of the SP. That this and similar observations are coin- 
cidental seems unlikely. We shall nevertheless look 
forward to reviewing Gondouin’s work in this connec- 
tion. 

We are indeed aware of certain phenomena which 
accompany the change of mud in a borehole. At Gulf 
we call “the potential paradox” the fact that on initially 
changing mud resistivity little if any SP change should 
occur. The paradox results, of course, because a mud 
filter cake on a sand may act as a virtually perfect 
anion impermeable membrane. Assuming perfect mem- 
brane performance for simplicity, we see that on first 
changing the mud we have 


i 
mud cake sha'e 
3 


with potential given approximately by 


E. = 59 lo Rant + 11.16 Re + 59] Re 


mia 


i 
mts 


~ After filtrate from Mud No. 2 has fully penetrated 
the filter cake we have 


a 
mud cake shale 
R R 


E. = 59 log + 11 log é 
70 log (2) 
59 log Rns, mio 
During percolation of Filtrate No. 2 through the 
filter cake formed by Mud No. 1 the electrochemical 
potential will tend to change from that given by Eq. 1 
just cited to that given by Eq. 2. Simultaneously the 
streaming potential will vary. The prime factors con- 
trolling this period of potential instability will be the 
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pressure difference across the cake and the cake thick- 
ness and permeability. It is our experience that the 
period of potential instability is less than 24 hours. 
If this is not true then correspondences between theory 
and observation (see Fig. 1 of our Note and Fig. 2 of 
Ref. 3) represent singular lacunae in the laws of prob- 
ability. We believe, therefore, that the arguments given 
in our Note concerning the importance of these poten- 
tial changes have not been effectively gainsaid. 

Finally we should like to stress once more a well- 
known fact. Many logs possess shale-baselines of truly 
remarkable constancy. A consideration of this phenom- 
enon shows that for constancy to be evident not only 
must the electrochemical properties of all shales be 
identical but their electrokinetic properties must be 
equally similar. According to the laboratory experi- 
ments specifically quoted by Gondouin all shales are 
not electrokinetically identical. Our hypothesis of a 
shale filter cake would remove the necessity for identity. 
We do not adduce this fact as one of vital significance 
because we believe that in situ it is possible for all 
shales to be electrokinetically identical for the same 
reasons that they are apparently electrochemically ideal 
and identical. And just as the electrochemical ideality 
of shales cannot be demonstrated in the laboratory’, 
so we believe that the true electrokinetic properties of 
shales in situ-may not be subject to laboratory verifi- 
cation.* Thus, it is possible that all present laboratory 
data on shale streaming potentials are unreliable. We 
emphasize again that the last word on the streaming 
potential problem has yet to be written. 
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“It is worth noting that a perfect shale membrane would pro- 
duce streaming potentials utterly independent of the salinity of 
muds in the borehole, i.e., all salt would be excluded from entering 
with the permeating solution. 
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Pressure Interference Correction to the Material Balance 
Equation for Water-Drive Reservoirs Using a 
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Abstract 


The material balance equation for 
partial or complete water-drive reser- 
voirs has been re-arranged to include 
a pressure interference term. This 
pressure interference term was ob- 
tained from the theory established 
by Mortada. A successful program 
was devised to solve the resulting 
equation in a few hours on a medium 
sized, digital computer. No_ prior 
knowledge of the properties of the 
aquifer is required in the solution. 
Trial calculations are made using 
various assumed combinations of 
aquifer properties. The optimum 
value of the constant expressing the 
aquifer properties corresponds to the 
best fit obtained between observed 
and calculated field history. Details 
of the method of calculation are illus- 
trated by an example. 


EN DU, C 


A method of calculating the mate- 
rial balance equation for a partial 
water-drive reservoir completed in an 
aquifer has been described in the 
literature.” Pressure interference 
from other pools located in the same 
aquifer is not taken into account in 
this solution. When present, the pres- 
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Digital Computer 
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sure interference effect must be in- 
cluded in order to make a complete 
performance analysis. A correction 
for this effect has been developed 
using the theory established by Mor- 
tada.* 

Manual calculation of the mate- 
rial balance for water-drive reservoirs 
is a formidable task. Such manual 
calculation when interference effects 
are included would be impossible to 
complete in any reasonable time 
period. However, a medium-sized 
stored program, digital computer can 
be used satisfactorily. The method is 
described in the following sections. 


THEORETICAL 
CONSIDERATIONS 


The material balance equation for 
a reservoir producing by partial or 
total water drive, as proposed by 
Van Everdingen, et al,” is 
Y = Na+ Z>Ap'Ot), (1) 
This relationship is linear for Z/a 
vs [SAp’O(tp)]/a, from which the 
slope, Z, and the intercept, N, can 
be obtained by the least-squares 
method from the data points. It is 
not necessary to know the aquifer 
properties to obtain optimum values 
Tor Z and N. Various assumptions 
are made for 
kAt 
Atp (2) 
where At is production time, seconds 
(oilfield units-days) between the 
equal successive time intervals into 
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which the history is divided. fp is 
At, times the number of equal time 
periods from t¢,, i.e., the total dimen- 
sionless time interval from f¢,. It is 
noted that the dimensionless time in- 
terval, Atp, involves all the relevant 
aquifer properties. Accordingly, any 
assumption of Af, is an assumption 
of the combined aquifer properties 
which pertain to the solution of the 
equation. 


Deviations of the data points from 
a straight line are calculated for 
each assumption of Af,, and the 
value of At, corresponding to the 
minimum deviation is chosen as the 
optimum solution. This method is 
described in Ref. 1 and 2. 


The material balance solution is 
usually made with an initial assump- 
tion that the reservoir being studied 
is located in an infinite aquifer from 
which there are no other withdrawals. 
Deviation of the points by amounts 
greater than can be attributed to in- 
accuracies in field data may be the 
result of: (1) boundary effects of a 
limited aquifer, (2) pressure inter- 
ference from other pools completed 
in the same aquifer, and (3) a com- 
bination of these effects. Differen- 
tiation of these effects can be made 
only on the basis of geologic data. 


Pressure interference from other 
fields will result in a pressure drop 
at the original oil-water boundary 
having an interference component, 
Ap’;,. The measured instantaneous 
pressure drops at the oil-water 
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boundary, Ap’, will then be too large 
by Ap’;,. Computed values of water 
influx [ZS Ap’Q(tp)]/a, will be too 
high by [Z> Ap’, Q(t, )1/a. 


Correction for pressure interfer- 
ence from other reservoirs completed 
in the same “infinite” aquifer can be 
made as described by Mortada. The 
pressure drop in the aquifer at a 
distance r, from a reservoir j after 
n production periods is given by: 


% 
(ce) 3 
(3) 


If a series of fields are all com- 
pleted in the same infinite aquifer, 
and influx to each is radial, the con- 
version factor will be equal to 
p/2rkh (absolute units) = 884.7, 
p/2rkh (oilfield units). This factor 
can be assumed constant, provided 
that the aquifer has reasonably con- 
stant properties, at least within the 
area in which the fields are located. 
In practice, this assumption can be 
checked by solving Eq. 3 for rp = 1.0 
and, hence, determining the value of 
the constant, ./27 kh, for each field. 

As described by Mortada,’ the 
superposition theorem indicates that 
the pressure effects from the inter- 
fering fields will be additive at the 
field of interest. That is, the total 
interference pressure drop at the 
field of interest by k interfering fields 
will be: 

j=k 
Kh 


j 


For simplification, the double sum- 
mation will be replaced by: 


j=kn 
al 1 j 


The original material balance, Eq. 1 
corrected for interference pressure 
effects described by Eq. 4a then be- 
comes 


= Na+ ZSAp'O(tr) — 
1 


where the prime notation again refers 
to the instantaneous pressure drop 
occurring at the beginning of each 
time period. 3 

When the aquifer has constant 
properties and all fields produce 
radially, Z= 27 ¢hcwr, and the 
value of At/Atp obtained from Eq. 
2 can be substituted in Eq. 5 to give: 


t n 
avon) =N+ 
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ee (6) 


Eq. 6 is the material balance equa- 
tion corrected for pressure interfer- 
ence from any number of other fields 
completed in the same aquifer. This 
equation can be solved in the same 
manner as Eq. 1, because the term, 
(ty) |/aAty, will increase the 
values of Y/a so that they fall on a 
straight line, as shown in Fig. 2. 
The selected actual time interval, Af, 
is known. Assumptions can be made 
for the aquifer properties in the time 
conversion factor, Atp. The optimum 
value of At, corresponds to the best 
straight-line fit as determined by 
least-squares methods on the calcu- 
lated points. 


APPLICATION 


PRELIMINARY CONSIDERATIONS 
The equation described applies 


only to an infinite aquifer of mod- 
erately constant properties. One 
linear boundary can be accounted 
for, using image fields as described 
by Mortada,*® without any change in 
procedure. To include the effects of 
linear flow, a limited aquifer, chang- 
ing aquifer properties or a single 
strongly curved boundary requires 
extensive modification to the mate- 
rial balance presented in Eq. 6. These 
complications have not been con- 
sidered in this paper. Therefore, to 
apply the method described, the 
geology and geometry of the aquifer 
should be studied to ensure that the 
assumptions are valid. 


DaTA REQUIRED 


Two factors are required in addi- 
tion to those normally used in a 
material balance solution. These are 
the effective radius of the original 
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| 


t 
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Print Out and Store the Results 
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Interfering Field 
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o£ 
| 
| 
| 


oil-water boundary, 7, and the dis- 
tance between the center of each in- 
terfering field and the center of the 
field of interest, 


PROGRAMING 


A simplified flow diagram for the 


program designed for medium sized 
computer is presented in Fig. 1. The 
step-by-step calculation procedure is 
described in Appendix 1 by using an 
example. 

A feature of this program is the 
space and time saving obtained by 
fitting curves to the unit functions, 
QO(tp) and P(rotp). Values for these 
functions were required between 
dimensionless time, tp = 1 and tp = 
16,000. The entire memory was too 
small to store a sufficient number of 
Q(tp) values to obtain accurate in- 
termediate results using inter- 
polation routine. Tape storage was 
too slow. Finally, the range of values 
required was divided into five seg- 
ments and curves were fitted to each 
segment. The constants for these 
curves were stored and provided ac- 
curate values for Q(t») throughout 
the entire range of fp. A similar tech- 
nique was applied to the P(rptp) 
functions. The method used to obtain 
these curves is described in Ap- 
pendix 2. 


CALCULATION 

Initially, an assumption for the 
aquifer properties, Afp, is made at 
about the mid-point of the range of 
values. The’ calculation routine can 
then be carried out and standard 
deviation of the obtained points de- 
termined by the method of least 
squares. Various other values of At, 
are used and the deviation of each 
set of points determined. A plot of 
deviation vs the At, values can be 
used to obtain the optimum Af, cor- 
responding to the minimum devia- 
tion. This value of Atp, which repre- 
sents the aquifer, is used to obtain 
a final solution of the material bal- 
ance equation. From this solution the 
best values of the original oil in 
place, N, and the water influx index, 
Z, are calculated. 

The actual field case considered 
had a 10 year history and 19 inter- 
fering fields. Computing time for 
each assumption for At, was two 
hours. During this time the machine 
performed an estimated 800,000 
arithmetic and logical operations. 


The computing time could have 
been shortened by leaving out the 
volumetric balance calculations. 
However, it is convenient to leave 
these in to allow adaptation of the 
program to predictions. 
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Fic. 2—MareriAL BALANCE EQUATION 
Prior ror Fretp oF INTEREST- 
(A), Aty = 20. 


CONE LEYS TONS 


From the system of fields studied 
in our work, we concluded that: 


1. The additional term added to 
the material balance equation for 
water-drive reservoirs satisfactorily 
describes the pressure interference 
effects. 

2. The form of this correction 
term is such that the aquifer prop- 
erties do not have to be known, but 
can be determined in the solution to 
the equation. 

3. A medium sized digital com- 
puter can be used to solve the cor- 
rected equation conveniently and 
quickly. 


NOMEN CE 


Y =cumulative vol- 
ume of fluid with- 
drawals (oil, gas 
and water) in res- 
ervoir volumes to 
the end of the 
producticn period 
considered, cc 
(oilfield units, 
bbl) 

Na = total expansion of 
oil, free gas, con- 
nate water and 
rock, cc (oilfield 
units, bbl) 

n = original stock tank 
oil in place cc 
(oilfield units, bbl) 

a=total expansion 
factor, vol/vol 

Z>Ap’O(tp) = cumulative water 
influx to the end 
of the production 


*See AIME Symbols List in Trans. AIME 
(1956) 207, 368, for other symbol definitions. 


period considered, 
cc (oilfield units, 
bbl) 

= proportionality 
constant required 
to convert re- 
duced units to cu- 
bic centimeters 
(oilfiield units, 
bbl) 

= ry absolute 
units = 0.178 
(oilfield 
units) 

4 =angle in radians 
of sector equiva- 
lent to the oilfield 

r, = tadius of original 
oil-water boun- 
dary, cm (oil- 
field units, ft) 

Ap’ = instantaneous 
pressure drop at 
the original oil- 
water boundary, 
measured at the 
start of each time 
interval for which 
the analysis is to 
be made, atm 
(oilfield units, 
psi) 

O(tp) = unit function, act- 
ing for dimension- 
less time, ftp, and 
relating cumula- 
tive water influx 
to unit pressure 
drop at the ori- 
ginal oil-water 
boundary 

tp = dimensionless time 

kt absolute 

units 

= 0.00634, 

kt 

(oilfield 

units) 


(cin) = factor to convert 
reduced units into 
actual 
pressure 
(AWe’); =instantaneous 
change in rate of 
water influx into 
reservoir, j, that 
occurs at the be- 
ginning of each 
equal time inter- 
val for which the 
analysis is made, 
cc/sec (oilfield 
units, B/D) 
P(rpty); = unit function re- 
lating cumulative 
pressure drop at a 
dimensionless ra- 


units of 
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dius;) 7p; unit 
water influx at the 
original oil-water 
boundary acting 
for a total dimen- 
sionless time, ftp 


Yr, 
l'p 
r,=radial distance 


from the center 
of the interfering 
field to center of 
field of interest 


r, = radius of oil-water 
boundary of the 
interfering field 
(expressed in the 
same units as r,) 


n =number of equal 
time periods 


(); = refers to field, j 
(Note— “field of 
interest’ is the 
field for which the 
material balance 
equation is to be 
solved) 
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TABLE 1—BASIC FIELD DATA. 


Data for Field of Interest 


Interfering Fields 


Field A Field B Field C 
; Withdrawals Pressure at Pressure Expansion Cum. water Cum. water 
Time res, vol—Y orig. OWC drop ‘actors influx, We influx, We 
period (bbl) p(psig) Ap(psi) (a) (bbl) (bbl) 
(0) 2,400 
] 3,600,000 2,300 100 0.0147 
2 7,300,000 2,220 180 0.0261 
3 10,950,000 2,160 240 0.0352 Field discovered Field discovered 
4 15,750,000 2,100 300 0.0503 2,730,000 1,281,000 
5 18,300,000 2,050 350 0.0601 6,760,000 3,340,000 
6 20,300,000 2,000 400 0.0704 11,403,000 5,832,000 
7 23,400,000 1,950 450 0.0850 16,266,000 8,494,000 
8 24,800,000 1,900 500 0.0952 26,609,000 13,840,800 
Field A Field B Field C 
Area of oil-water contact (acres) 1,130 8,03 4,520 
Equivalent radius of oil-water contact (miles) 0.75 2.0 “4.5 
Distance from interfering field to fleld of 
interest (miles) 4 3 


Note: (1) Y corrected to reservoir barrels by material balance 
(2) We is obtained from material balance on interfering fields 


TABLE 2—CALCULATED WATER INFLUX FOR THE FIELD OF INTEREST NOT CORRECTED 
FOR INTERFERENCE 
Ain = 20(assumed) 


Ap’ 
Pressure Change in 1D 
Time drop pressure drop dimensionless 
period /A\p(psi) (psi time 
= 
] 100 50 20 
2 180 90 40 
3 240 70 60 
4 300 60 80 
Ls 350 55 100 
6 400 50 120 
7 450 50 140 
8 500 50 160 


Ap’ Q(tp) 
a 
Water influx 


Qtp Ap’Q(tp) (not oilfield units) 
12.32 613 41,700 
20.89 2,155 82,600 
28.69 4,177 119,500 
36.06 6,580 131,500 
43.13 9,343 155,600 
49.97 12,368 176,500 
56.62 15,823 186,000 
63.13 19,498 205,000 


APPENDIX 1 


DESCRIPTION OF THE 
METHOD OF CALCULATION 


An actual material balance calcu- 
lation has been made satisfactorily, 
correcting for interference from 19 
fields. This system is too complex to 
present briefly. A hypothetical ex- 
ample has been given where Fields 
B and C have caused pressure in- 
terference on Field A, the field of 
interest. These fields are completed 
in an infinite, homogeneous aquifer. 


The field histories and physical 
data required to make the computa- 
tion are shown in Table 1. It will be 
noted that the expansion factors, a 
for Field A, and the cumulative 
water influx into Fields B and C are 
given, rather than the basic expan- 
sion pressure and volumetric data. 
These factors and the water influxes 
were obtained by volumetric balance. 

The method of calculation is il- 
lustrated by reference to Tables 2, 
3 and 4. This arrangement is not 
necessarily the order. in which the 
machine performed these operations. 

Most of the tabulated calculations, 
made for a At, assumption of 20 for 
Field A, are self-explanatory. The 
following require some comment. 

1. The instantaneous change in 
rate of water influx AWe’ for Field 
B (Table 3, Col. 3): these values of 
AWe’ are the second differences of 
the cumulative water influx to the 


end of each period, given in Col. 2, 
ie., AWe, = We, —We,., and AWe’, 
= AWe, — AWe,.1. 


The figures obtained are expressed 


as changes in rate measured in bar- 


rels per half year. To keep the units 
consistent they should be divided by 
At, the number of days in a half 
year. This step is unnecessary since 
the factor 1/At can be maintained as 
a constant outside the summation 
signs until the last step in the water 
interference term calculation. At this 
stage the 1/At cancels, i.e., water in- 
flux term = (At/aAt,)[(1/At) 
(tp)] where Al’ values are for a half 
year. 

2. Values of dimensionless time, 
tp, for Field B (Table 3, Col. 4): 
for Field A it was assumed that Af) 
=20 =kAt/duc.rs, where r, = 9.75 
for Field A. Then for Field B, where 
This value was used to determine tp 
for Field B. 


RESULTS 


The results of these computations, 
assuming a At, = 20 for Field A, are 
summarized in Table 4. Fig. 2 shows 
the plot that results by neglecting 
the water interference term, (At/aAtp) 
SA’Q(tp), and the correction that 
results by adding this term. The 
value, At, = 20, was selected be- 
cause it gives the least deviation be- 
tween calculated and field data. 


TABLE 3—INTERFERENCE EFFECTS FROM FIELDS B AND C 


FIELD B 


Atop = 20 for field of interest 
Equivalent Atp = 3 for Field B 


FIELD C 


Atp = 20 for field of interest 


Equivalent Atp = 5 for Field (S 


SAWe’P(rptp) Al’ 
1108 < 108 =< 103 


Ptrpto) 
0.71 909 2,373 1,136 
0.98 1,808 4,528 2,264 
1.15 2,543 6,347 2,037 
1.29 3,09 7,734 1,603 
1.38 5,341 13,315 3,484 


VAWe'P(rptp) = pressure drop—not oilfield units 


Wi AWe’ We 

Time BbI bbl/V2yr? DAWe'P(rotp) bbl 

Period 10° 1p(B) P(rptp) x 103 x 103 x 108 tp(C) 
0 
1 
2 
3 0 0 
4 2,730 2,730 3 0.500 1,364 1,281 1,281 5 
5 6,760 1,300 6 0.760 2,720 3,340 778 10 
6 11,403 613 9 0.920 3,804 5,832 443 15 
Zs 16,266 220 12 1.050 4,642 8,494 170 20 
8 26,609 5,480 16 1.150 7,974 13,840 2,683 25 
rD = 2 for Field B to Field A : 
rp = 2 for Field C to Field A AWe' = change in rate of water influx 

We = cumulative water influx tp(B) = dimensionless time (total) 


AWe'P(rptp) = total pressure drop—not oilfield units 


Al’ = change in pressure drop by interference 


APPENDIX 2 


DETERMINATION OF Q(tp) and 
P(rptp) FUNCTIONS 


Van Everdingen and Hurst’ give 
Eq. V1-28 for the function, O(to), 
and V1-21 for the function, P(rotp). 
Values for these functions can be 
found in the original paper and the 
papers for Chatas’ and Mortada’, re- 
spectively. 

Solution of Eq. V1-28 for Q(tp) 
takes one hour of machine time per 
value of tp. This is completely un- 
satisfactory for use in the calcula- 
uvn. Therefore, curves were fitted 
over the range required using the 
wuethod of reciprocal differences as 
described by Milne’. 

The following lists are values of 
O(ty) given by Chatas’ as compared 
to those computed from the fitted 
curves. 
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TABLE 4—MATERIAL BALANCE EQUATION FOR FIELD OF INTEREST, A, CORRECTED 
FOR PRESSURE INTERFERENCE. 
assumed 20 


At ZAI'Q{(tp) 
a/\tp(A) Y/a 
Interference Fluid j 
correction withdrawals y/g + 
Time Al'* TAI Q(to)** (bb) (bbl) aAtp(A) 
Period 102 102 x 103 a 
0 0 0 0 
1 0 0 0 245,000 245,000 41,700 
2 0 0 0 280,000 280,000 82,600 
3 0 0 0 313,000 313,000 119,500 
4 1,136 14,000 14,000 315,000 329,000 131,500 
5 2,264 51,640 43,000 305,000 348,000 155,600 
6 2,037 105,000 75,000 290,000 365,000 176,500 
7 1,603 168,320 99,100 275,000 374,100 186,000 
8 3,484 265,900 140,000 250,000 390,000 205,000 


*From Table 3 
**tp and Qtp from Table 2, Col. 4 and 5 
+From Table 2 


Q(tp) Q(tp) Per cent 

tp Chatas Computer Deviation deviation 
0.5 1.020 1.020 0.000 0.000 

1.0 1.569 1.569 0.000 0.000 

5.0 4.539 4.542 0.003 0.066 
25.0 14.573 14.573 0.000 0.000 
50.0 24.855 24.861 0.006 0.024 
250.0 91.084 91.077 0.007 0.008 
500.0 162.698 162.691 0.007 0.004 
1,000.0 293.514 293.513 0.001 0.000 
2,000.0 534.145 534.138 0.007 0.001 
5,000.0 1,192.198 1,192.174 0.024 0.002 
8,000.0 1,807.278 1,806.859 0.419 0.023 
Average 0.0012 


The accuracy indicated by the per- 
centage deviation is very satisfac- 


tory. Each value was found by the 
computer in four seconds. 

P(rptp) functions involve two in- 
dependent variables, rp and tp, for 
rp’ /4tp < 0.05; the function was ap- 
proximated by: 

P(rotp) In tp + 0.40454. (7) 

For values of rp’/4tp > 0.05, curves 
were fitted by the reciprocal differ- 
ence method to values of P(rotp) 
from Mortada®. Suitable accuracy 
was obtained. 
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Linear Waterflood Behavior and End Effects in 
Water-Wet Porous Media 


INTRODUCTION 


Theory indicates that linear water- 
floods should exhibit scaling and sta- 
bilization properties in both oil-wet 
and water-wet porous media’. Experi- 
__mental verification of these proper- 
ties in oil-wet media was obtained 
some time ago’, and more recently, 
Perkins’, employing a high permeabil- 
ity unconsolidated sand and a low 
oil-to-water viscosity ratio, has ob- 
tained flooding data in a water-wet 
medium which follow the pattern of 
scaling and stabilization. Also, Root 
and Calhoun’ have found similar 
trends in the displacement of gas by 
liquids from unconsolidated sands. 
In general, however, the experimen- 
tal evidence appears still somewhat 
conflicting since scaling and stabiliza- 
tion of water floods in water-wet me- 
dia has not been observed in most of 
the studies to date*””. 

The purpose of this paper is to 
provide a more comprehensive pic- 
ture of waterflood behavior in water- 
wet media and to corroborate the 
validity of the scaling and stabiliza- 
tion concepts. The need for differen- 
tiating between the intrinsic nature 
of water-oil displacements inside a 
porous medium and perturbating sec- 
ondary end effects is discussed, perti- 
nent experimental procedures are 
outlined and the results of flooding 
tests conducted at low and at high 
oil-to-water viscosity ratios on con- 


Original manuscript received in Society of 
Petroleum Engineers office July 15, 1957. 
Revised manuscript received June 12, 1958. 
Paper presented at 32nd Annual Fall Meet- 
ing of Society of Petroleum Engineers in 
Dallas, Tex., Oct. 6-9, 1957. 

1References given at end of paper. 


VOL. 223, 1958 


J. R. KYTE 
L. A. RAPOPORT 


MEMBER AIME TULSA, OKLA. a 


solidated, water-wet Alundum cores 
are analyzed. 


END EFFECTS IN WATER- 
WET MEDIA 


OUTLET END EFFECTS 
The peculiar feature of the outlet 


end effect in water-wet cores is that | 


it not only results in an excessive 
wetting phase saturation at the out- 
flow face,”” but that it also retards 
the moment of water breakthrough; 
ie., causes an undue delay in the 
appearance of water in the produced 
effluent. Conditions existing in a 
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water-wet core when water first ar- 
rives at the outflow face are sche- 
matically shown in Fig. 1. At this 
flooding stage the saturation distribu- 
tion, Fig. 1a, has not yet been dis- 
torted by the outlet end effect. A 
water-invaded pore at the outlet core 
face, opening into the oi!-filled void 
space between the end of the core 
and the end plate of the flooding cell, 
is illustrated in Fig. 1b. The curva- 
ture of the water-oil interface is con- 
cave toward the outlet, and the pres- 
sure on the water side of the inter- 
face is lower than on the oil side by 
an amount equal to a certain capil- 
lary pressure (Fig. 1c). Before the 
water (of this particular pore) can 
be produced from the core, it is ap- 
parent that the pressure in the water 
phase must exceed that in the oil 
outside the core. Accordingly, when 
water first reaches the outlet face, it 
will not leave the core but will accu- 
mulate inside, and only oil will be 
produced. Eventually, as the water 


. injection is continued, sufficient pres- 


sure is built up in the water to re- 
verse the curvature of the interfaces 
in the outlet pores, and only then 
will water be produced from the 
core. This stage, illustrated in Fig. 2, 
corresponds to the conventional 
“water breakthrough” observed in 
flooding experiments. 

For purposes of discussion, it is 
convenient to distinguish between the 
flooding stage at which water first ar- 
rives at the outlet face of a core 
(Fig. 1) and the stage at which 
water is first produced from the core 
(Fig. 2). The former will be referred 
to as “water arrival” and the latter 
water breakthrough. In oil-wet media 
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these two flooding stages occur simul- 
taneously, whereas in water-wet me- 
dia, water breakthrough will occur at 
some time after water arrival. 

On the basis of theoretical con- 
siderations it can be inferred that the 
relative importance of the outlet end 
effect, which is localized, will de- 
crease as the length of the flooded 
system, the rate of injection, or the 
fluid viscosities are increased. Ac- 
cordingly, it may be anticipated that 
the outlet end effect in water-wet me- 
dia will not alter the trend toward 
stabilization of linear floods. 


INLET END EFFECTS 


The inlet end-effect, detected by 
Jones-Parra, et al* in some of their 
experiments, develops in water-wet 
media as a result of spontaneous, lo- 
calized imbibition. Water injected 
into the flooding cell first contacts 
the inlet face of the core only in a 
localized area. As soon as the water 
touches the core, it will spontaneously 
imbibe into the core at the point of 
contact. At the same time, there will 
be a counterflow of oil from the core 
to replace the water which has im- 
bibed. As the flood progresses, water 
tends to continue entering the core 
only in a localized area. Such con- 
ditions, in turn, contribute to the es- 
tablishment of a region of non-linear 
flow within the core.* 


*Observation of the inlet core face during 
water floods of a viscous oil has supplied 
direct evidence supporting these considera- 
tions regarding the inlet end effect. During 
the entire flood, the injection water was 
seen to cover only a small portion (about 
10 per cent) of the core face near the in- 
jection port. 


A24 


While a quantitative evaluation of 
the inlet end effect in water-wet sys- 
tems has not been undertaken, this 
inlet end effect would be more pro- 
nounced under the following condi- 
tions. 

1. For short systems, in which end 
effects are always relatively more 
significant. 

2. For high water injection rates; 
although water may enter a water- 
wet core only over a portion of the 
inlet face, capillary forces within the 
core tend to distribute this water 
over the entire cross-sectional area. 
At low rates these capillary forces 
are of relatively great importance in 
the over-all pressure distribution and 
can efficiently counteract appreciable 
distortion from linear behavior. At 
high flooding rates, however, the in- 
fluence of the capillary forces within 
the core is comparatively small, and 
non-linear flow behavior will be more 
pronounced. 

3. For high oil-to-water viscosity 
ratios; in_this case the comparatively 
low resistance to fluid flow in the 
water-invaded region will tend to 
cause further growth of this region 
in the direction of the pressure gra- 
dient. Thus, the distortion from linear 
behavior occurring as a result of lo- 
calized water injection at the inlet 
face is magnified. Conversely, in the 
displacement of low-viscosity oil, the 
flow resistance in the water-invaded 
region is high compared to that of 
the oil-saturated spaces. Such condi- 
tions tend to counteract the water 
“fingering” originated by the end ef- 
fect, so that linear flooding behavior 
is achieved more readily. 


EXPERIMENTAL PROCEDURE 


Three Alundum cores which had 
been checked to insure uniformity 
were used in the experiments. Prop- 
erties of these cores are presented in 
Table 1. 

The cores showed a pronounced 
preferential water wettability as evi- 
denced by spontaneous, very rapid 
imbibition of 65 per cent of pore 
volume of water upon immersion of 
oil-saturated cores in water. This wet- 
tability was maintained throughout 
the tests by heating the cores for sev- 
eral hours at 500°C between runs. 

The liquids used in the experi- 
ments were purified Soltrol-C or re- 
fined white oils as the oil phase, and 
water or mixtures of water and gly- 


TABLE 1—SUMMARY OF CORE PROPERTIES 
Alundum Length Diameter Air permeability 


core no. (cm) (cm) (md) Porosity 
1 8.41 3.99 508 .237 
2 9.27 3.94 532 .236 
aS 32.80 4.04 574 .240 


cerin as the aqueous phase. Water- 
flood tests were performed on oil- 
saturated cores at three different oil- 
to-water viscosity ratios: 1.61:1, 
9.1:1, and 102:1. 

As previously indicated, flooding 
results obtained after water reaches 
the outflow face of a core sample 
can be influenced by outlet end ef- 
fects. However, at the very moment 
of water arrival at the outflow face, 
these phenomena are not yet in exis- 
tence. A special procedure was de- 
veloped, therefore, to determine 
precisely this moment of “water- 
arrival”. A phenolphthalein indicator 
is applied in water solution to the 
outlet face of the clean, muffiled core. 
The core is then dried, saturated with 
oil, and flooded with a water phase 
containing a small amount of am- 
monia. When the ammonia solution 
first arrives at the outflow face, a 
sharp coloration appears which is 
clearly visible through a Lucite end 
plate. 


RESULTS AND DISCUSSION 


WATERFLOOD BEHAVIOR AT LOW 
OIL-TO-WATER VISCOSITY RATIOS 


Results of the floods conducted 
at an oil-to-water viscosity ratio of 
1.61:1 are presented in Fig. 3. 
Shown are oil recoveries at water 
breakthrough and at water arrival as 
functions of the scaling coefficient, 
LVu... The influence of the outlet 
end effect on flooding behavior in 
water-wet media is clearly demon- 
strated by the differences observed 
in oil recovery at water arrival and 
at water breakthrough. These differ- 
ences are seen to be as much as 35 
per cent of pore volume at low val- 
ues of the scaling coefficient but are 
only about 2 per cent of pore vol- 
ume at the higher values of LV yu... 
Thus, as predicted by theoretical con- 
siderations, it is seen that for water- 
wet cores: (1) at low LV un, values 
the outlet end effect delays water pro- 
duction, resulting in an abnormal ac- 
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cumulation of water in the core and 
excessive oil production at water 
breakthrough; and (2) the influence 
of the end effect becomes less pro- 
nounced as LV, is increased. 

The relationship between oil recov- 
ery at water arrival and the scaling 
coefficient, shown in Fig. 3, is similar 
to those obtained at water break- 
through for oil-wet media’. This re- 
lationship exhibits both the scaling 
and stabilization properties. Oil re- 
coveries correlate well with the scal- 
ing coefficient and are seen to in- 
crease with increasing values of 
LV until the flooding behavior be- 
comes stabilized, i.e., oil recovery is 
unchanged with increasing values of 
LV... Moreover, the excellent cor- 
relation of water arrival data for the 
1.61 oil-to-water viscosity ratio also 
confirms that the inlet end effect has 
generally little influence on flooding 
behavior at low viscosity ratios. Al- 
together, then, the experimental re- 
sults presented in Fig. 3 are in com- 
plete agreement with the linear 
waterflood theory. 


WATERFLOOD BEHAVIOR AT HIGH 
O1L-To-WATER VISCOSITY RATIOS 


-—Water arrival and water break- 
through data for flooding tests at a 
102:1 oil-to-water viscosity ratio 
are presented in Fig. 4. As in the 
case of the low viscosity ratio there 
is considerable spread between the 
water arrival and the water break- 
through data at low values of the 
scaling coefficient. Moreover, the 
water breakthrough data are again 
seen to be considerably more scat- 
tered than the water arrival data. 


As regards the data of water ar- 
rival, excellent correlation is ob- 
served at low values of LV z.,,. In this 
region, the oil recoveries for both 
the long and short cores do not 
deviate from the correlation curve 
by more than 1.5 per cent of pore 
volume. At hich values of the scal- 
ing coefficient, however, the water 
arrival data for the long core differ 
from those for the short core. Also 
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in apparent conflict with theory is 
the decrease in oil recovery at water 
arrival for the short core as LV, 
increases. This anomalous behavior 
can be interpreted in the light of 
theoretical considerations regarding 
the inlet end effect. 


Since the inlet end effect should be 
less pronounced at low flow rates, 
this accounts for the satisfactory 
scaling observed in tests with the vis- 
cous Oils at low LVy,, values. At 
higher flow rates (e.g., higher values 
of LV u,,) it was pointed out that the 
inlet end effect should cause greater 
deviation from linear flow. This in 
turn would tend to yield lower oil 
recoveries at water arrival. Thus, 
with increasing flooding rates, one 
would expect the oil recovery at 
water arrival to increase on one hand 
because of the stabilization process 
but to decrease on the other because 
of the establishment of non-linear 
flow as a result of the inlet end ef- 
fect. Such coexisting phenomena 
readily explains the increase and sub- 


sequent decrease in the oil recovery — 


at water arrival with increasing 
values of LVu,, as observed for the 
short core in Fig. 4. As the inlet end 
effect is relatively more pronounced 
in short cores, it is also not surpris- 
ing that at high flow rates the oil re- 
coveries at water arrival are less for 
the short core than for the long core. 

The somewhat inconsistent results 
obtained at high viscosity ratios and 
high injection rates can be more fully 
evaluated by consideration of the 
waterflood oil recovery curves in Fig. 
5. Oil recoveries, as a function of 
the cumulative water injected, are 
shown for the 102:1 viscosity ra- 
tio for both the long and short cores. 
In both cases the curves represent 
flooding tests for which water injec- 
tion rates were sufficiently great to 
insure stabilized flooding behavior 
and to render outlet end effects un- 
important. 

From inspection of the flooding 
curves shown in Fig. 5 it is apparent 
that although rather large differences 
in oil recoveries may occur at the 
very moment of water breakthrough, 
the curves rapidly converge and be- 
come almost identical soon after 
breakthrough. For instance the great- 
est discrepancy in oil recoveries oc- 
curs after injection of 0.5 pore vol- 
ume of water and amounts to only 
3 per cent of pore volume. Thus, 
while the inlet end effect may cause 
premature water breakthrough in 
short cores, it does not significantly 
distort the over-all relationship be- 
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tween oil recovery and cumulative in- 
jection. 


Although the data are not shown, 
results obtained for the 9.1:1 vis- 
cosity ratio are similar to those for 
the 102:1 ratio, except as would 
be expected, the influence of the in- 
let end effect is considerably less 
pronounced. 


PRACTICAL CONSIDERATIONS 


The present data corroborate the 
important conclusion reached in pre- 
vious studies’ that field water floods 
are usually stabilized. This, in turn, 
means that evaluations of field be- 
havior should be generally based on 
laboratory tests conducted in such a 
manner as to insure stabilized flood- 
ing conditions. It has been demon- 
strated that under such conditions 
the over-all flooding behavior is not 
significantly influenced by either in- 
let or outlet end effects. However, 
the manner in which stabilized flood- 
ing can be actually attained and/or 
observed in the case of water-wet 
core samples merits some discussion. 


In conventional flooding tests on 
water-wet cores where usually the 
moment of water breakthrough but 
not that of water arrival can be ob- 
served, the outlet end effects com- 
plicate the determination of condi- 
tions (i.e., of the rate) at which sta- 
bilized flooding behavior is attained. 
In oil-wet media the outlet end ef- 
fect does not cause any “undue” ac- 
cumulation of water within the core 
prior to breakthrough; therefore, the 
oil recovery at water breakthrough 
or at any given subsequent flooding 
stage will always be found to in- 
crease as the scaling coefficient is 
increased until stabilized flooding 
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conditions have been attained. Such 
a simple trend cannot be relied upon 
in the case of water-wet cores since 
the oil recovery at a given flooding 
stage (water breakthrough, in par- 
ticular) may increase, decrease, or 
remain fairly constant as the flood 
rate is increased (see Figs. 3 and 4). 


In attempting to describe the 
conditions necessary for stabilized 
flooding behavior in water-wet me- 
dia, a physical concept of such flood- 
ing behavior is helpful. A water flood 
is stabilized if the capillary pressure 
gradient in the direction of flow is 
small compared to the imposed pres- 
sure gradient. Thus, stabilized flood- 
ing behavior is in effect achieved by 
imposing a sufficiently high pressure 
drop across the system. Theory, as 
well as experience, suggests that the 
magnitude of the capillary pressure 
gradients in water-wet systems are 
of the same order as in oil-wet sys- 
tems. In stabilization tests on a va- 
riety of oil-wet reservoir cores, the 
maximum total pressure drop across 
the core necessary to achieve sta- 
bilization was found to be of the or- 
der of 50 psi, regardless of the core 
length. Thus, waterflood tests per- 
formed at this total pressure drop or 
greater should in most cases also in- 
sure stabilization in water-wet sys- 
tems. 


In view of the particular features 
of the outlet end effect in water-wet 
media, revealed by the present 
studies, it is logical to inquire if sta- 
bilized flooding tests are actually 
necessary to simulate field recovery 
behavior. For instance, in unstabil- 
ized tests at the 1.61 oil-to-water 
viscosity ratio (Fig. 3), the water 
may arrive very early at the outlet 
core face, but it is not produced until 
the oil recovery from the core ap- 
proaches that obtained at water 
breakthrough in stabilized tests. Thus, 
because of the “compensating” influ- 
ence of the outlet end effect in water- 
wet media, oil recovery behavior for 
unstabilized flooding tests may some- 
times be quite similar to that ob- 
tained under stabilized conditions. 
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However, it will be noted that at the 
102 oil-to-water viscosity ratio (Fig. 
4) the oil recovery at water break- 
through in an unstabilized flood can 
be significantly greater than under 
stabilized conditions. Furthermore, 
this discrepancy will persist at flood- 
ing stages considerably past break- 
through. Thus, it is preferable to in- 
sure stabilized flooding conditions 
in laboratory tests, rather than to re- 
ly upon the compensating influence 
of end effects. 


CONCLUSIONS 


1. In the absence of end effects, 
linear waterflood behavior in water- 
wet media is subject to the same gen- 
eral principles of scaling and sta- 
bilization which had previously been 
found applicable to oil-wet media. 

2. At low values of the scaling co- 
efficient, LV u,,, the outlet end effect 
can appreciably distort flooding be- 
havior in water-wet media. This end 
effect delays water production, result- 
ing in excessive oil recovery prior to 
the moment of water breakthrough. 
However, at values of the scaling 
coefficient sufficiently great to insure 
stabilized flooding conditions, the in- 
fluence of the outlet end effect be- 
comes less pronounced and does not 
appreciably distort the flooding be- 
havior. 

3. At high rates and high oil-to- 
water viscosity ratios an inlet end 
effect causes deviation from linear 
flow in water-wet cores, resulting in 
early water breakthrough. Although 
this end effect may sometimes cause 
a significant reduction in oil recovery 
at water breakthrough, it does not 
appreciably distort the over-all flood- 
ing behavior (relationship between 
oil recovery and cumulative water in- 
jection). 

4. From Conclusions 2 and 3 it 
follows that stabilized water floods 
in water-wet cores are not apprecia- 
bly distorted by end effects. As most 
field water floods are stabilized, this 
means that laboratory flooding tests 
performed under stabilized conditions 
on representative reservoir core sam- 


ples may be employed to predict 
waterflood oil recovery from water- 
wet reservoirs. Stabilized flooding 
conditions can usually be achieved 
by performing the flooding tests un- 
der an imposed total pressure drop 
of 50 psi or greater, regardless of 
the core length. 


NOMENCLATURE 
L = total length of flooded system 
(cm) 
V = total flow rate per unit cross- 
sectional area (cm/min) 
ly = water viscosity (cp) 
[to = Oil viscosity (cp) 
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Limitations on Pressure Predictions for 
Water-Drive Reservoirs 


ABS TR 


Five water-drive fields, for which 
pressure predictions had been made 
within a few years after discovery, 
were re-studied when four to five 
years of additional pressure and pro- 
-duction data became available. It 
was found that forecasts of the pres- 
sure in water-drive reservoirs may 
be subject to considerable uncertain- 
ty. Predictions can be erroneous 
when there is insufficient pressure 
history to define the characteristics 
of the aquifer, and when there are 
errors in the pressure, production or 
geologic data. 


INTRODUCTION 


The efficient operation of an oil or 
gas reservoir requires that the im- 
portant characteristics of the reser- 
voir be determined soon after its 
discovery. It is especially desirable 
to evaluate the pressure-production 
relationship quickly, for this relation- 
ship provides a basis for deducing 
the type of production mechanism 
that is operative, and for making 
pressure predictions. The pressure 
predictions, in turn, provide a basis 
for calculating efficient rates of pro- 
duction, determining whether water 
or gas should be injected, etc. 

The importance of pressure pre- 
diction is such that forecasts should 
be made as accurate as possible, and 
the limits of error well defined. His- 
torically, pressure forecasts for some 
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fields have proved very accurate, 
while for others the forecasts were so 
erroneous that they resulted in the 


adoption of wrong, or at best, un- 


necessary production practices. 


Pressure predictions made for 
water-drive fields are especially sub- 
ject to error. Accurate forecasting 
for these fields requires that much 
be known not only about the reser- 
voir proper but about the adjacent 
water-filled rock as well. The water- 
containing rock, or aquifer, may ex- 
tend for many miles, and often there 
is only meager data regarding its 
thickness, permeability and porosity. 
Much of the information must be 
inferred from the previous pressure 
behavior of the reservoir. A brief 
pressure history may provide. little 
information about the characteristics 
of the aquifer. Hence, pressure pre- 
dictions made early in the life of 
water-drive fields can be incorrect. 

The work described in this paper 
was done to determine the degree of 
reliability which can be expected of 
pressure predictions made within a 
few years after water-drive fields are 
discovered. Five fields, for which the 
original pressure predictions had been 
based on less than seven years’ his- 
tory, were re-examined with the aid 
of four to five years of additional 
pressure data. Where the predictions 
were inaccurate, the reasons for fail- 
ure were ascertained. The studies 
were accomplished by use of the 
electric reservoir analyzer.’ 

The analyzer was first adjusted to 
repeat the original pressure-produc- 
tion match using the same values for 


1References given at end of paper- 


the various parameters as were used 
in the original study. Then, the actual 
production rates experienced during 
the time elapsed since the initial 
study were set into the analyzer, and 
the pressure behavior indicated by 
the machine for this period was com- 
pared with that which actually oc- 
curred. Where the pressure profile 
traced out by the analyzer deviated 
from the observed field behavior, the 
analyzer was readjusted to obtain 
a better over-all match. The old and 
the new solutions were compared 
to determine the reasons for any 
differences. 


COMPARISON OF PREDICTED 
RESERVOIR PRESSURE 
BEHAVIOR WITH ACTUAL 
PERFORMANCE 


FIELD A 


The original pressure-production 
match is entirely adequate as evi- 
denced by the pressure match of the 
field’s history subsequent to Jan., 
1952 (see Fig. 1). 
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FIELD B 


The original pressure-production 
match of Oct., 1950, showed a pres- 
sure decline of 150 psi under the 
observed field pressure by Nov., 1954 
(see Fig. 2). 


ALTERATIONS NECESSARY TO MATCH 
ENTIRE PRESSURE HISTORY 


A new match was achieved by as- 
signing permeabilities of 130 md to 
the outer water-drive zones in con- 
trast to permeabilities in the range 
of 48 to 78 md assumed for the 
original match, and by lowering per- 
meabilities from 19 to 10 md in the 
first water zone and from 48 to 33 
md in the second water zone. These 
changes were sufficient to yield a 
satisfactory pressure match. 


FIELD C 


The original pressure-production 
match of April, 1951 showed a pres- 
sure decline to March, 1955 of 165 
psi below that which was actually 
observed (see Fig. 3). 


ALTERATIONS NECESSARY TO MATCH 
ENTIRE PRESSURE HISTORY 


The original match was based on 
an assumed aquifer of 6.3-mile 
radius, divided into seven zones. The 
permeabilities of the first two zones 
were assumed to be 23 md and those 
of the remaining zones to be 190 
md. The new match was achieved by 
assuming that the aquifer was greater 
in extent and by increasing the per- 
meability of the second water zone. 
Three additional water zones were 
added to extend the aquifer radius to 
10.9 miles. The permeability of the 
second water zone was increased 
from 23 to 63 md, while the per- 
meabilities of the three new water 


zones (8, 9 and 10) were assumed 


to be 18, 7 and 5 md, respectively. 
A more satisfactory pressure match 
for the earlier part of the field pres- 
sure history was obtained when the 
initial reservoir pressure was lowered 
to 2,680 psi from the former esti- 
mated value, 2,725 psi. 


FIELD D 

The original pressure match of 
Oct., 1950 predicted a pressure for 
Sept., 1954, which was 295 psi above 
the observed Sept., 1954, reservoir 
pressure (Fig. 4). 


ALTERATIONS NECESSARY TO MATCH 
ENTIRE PRESSURE HISTORY 


Two possible causes for the dis- 
crepancy between the predicted and 
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the observed pressure behavior were 
investigated. 

The first possibility considered was 
that the aquifer available to Field 
D is smaller than was assumed when 
the original analyzer study was made. 
However, it was found that a smaller 
aquifer would not provide an accep- 
table pressure match. 


The possibility that interfield com- 
munication was occurring was inves- 
tigated next, as a small field had been 
discovered near Field D in Feb., 
1951, and produces from the same 
formation. By withdrawing from 
Zone 1 (the reservoir zone) the sum 
of the productions from Field D and 
the small, nearby field, a satisfactory 
pressure match of Field D was ob- 
tained. It appears, therefore, that 
Field D is not an isolated field but 
that the smaller field could for prac- 
tical purposes be considered an ex- 
tension of the original field. 


FIELD E 


The predicted pressure for March, 
1955 made from the original match 
of Oct., 1950 was 540 psi above the 
reservoir pressure in March, 1955 as 
shown in Fig. 5. The pressure history 
shown is that of a selected group of 
wells in which the pressures were 
measured during each survey. If the 
pressures measured in all of the wells 
are averaged, a very erratic pressure 
history results, probably because of 
the large pressure gradients that ex- 
ist in this reservoir. 


ALTERATIONS NECESSARY TO MATCH 
ENTIRE PRESSURE HISTORY 


The large discrepancy between 
analyzer and field pressures was the 
result of assuming an aquifer of 
infinite extent in the original study. 
An extremely large aquifer was 
necessary in the original match to 
cause the analyzer pressure trace to 
duplicate satisfactorily the five pres- 
sure surveys immediately prior to 
Oct., 1950. It was found in the new 
study that a finite aquifer of some 
19 miles in radius yielded a satis- 
factory pressure match of the entire 
field history except for the period 
from Nov., 1949 to Oct., 1950. 
Therefore, it must be assumed that 
the pressures selected for the field 
from the five pressure surveys made 
during that period were not represen- 
tative of the field behavior. 


REASONS FOR INACCURACY 
OF PREDICTIONS 


In each case the cause of the devia- 
tion of the predicted pressure from 
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actual performance was either inac- 
curate data or insufficient pressure- 
production history to reveal the 
characteristics of the aquifer. 


INACCURATE DATA 


The result of obtaining a match to 
a set of data in which some of the 
values were erroneous was demon- 
strated by the studies of Fields C 
and E. The original pressure predic- 
tion for Field E was based upon a 
perfectly acceptable match of the ex- 
isting pressure history, yet the addi- 
tional information gained from the 
six months immediately following the 
prediction indicated a very different 
size for the aquifer. In retrospect it 
appears that the pressures obtained 
from the five pressure surveys made 
immediately prior to the initial reser- 
voir study were too high. 

In the case of Field C it now ap- 
pears that the original pressure re- 
ported for the field was erroneously 
high. This is indicated by the fact 
that for several years subsequent to 
the initial pressure point the analyzer 
curve paralleled but was displaced up- 
ward from the observed pressures. 
Resolving inconsistencies such as this 
“Tequires the exercise of careful judg- 
ment. The relationship between an- 
alyzer results and observed data cited 
here as indicative of an erroneous 
initial pressure could be the correct 
relationship for some fields — fields 
where the initial pressures were cor- 
rectly measured, but subsequent sur- 
veys made before the fields were fully 
developed reflected local pressure 
drawdowns rather than the average 
pressures for the entire reservoirs. 


INSUFFICIENT PRESSURE- 
PRODUCTION HISTORY 


Failure to obtain an accurate pre- 
diction of pressure for Fields D and 
B resulted from insufficient pressure 
history to permit description of the 
aquifer. 

The problem of having insufficient 
data on a reservoir at the time a 
pressure-production match is at- 
tempted cannot be circumvented, but 
the results obtained can still be used 
provided it is recognized that more 
information is required to define the 
reservoir and its associated aquifer. 
Patterson, Dutton and Ellis’ have 
shown that the reliability of reservoir 
predictions is largely a function of 
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the characteristics of the aquifer and, 
if sufficient time has not elapsed for 
the pressure drawdown in the oil pool 
to have affected the pressure in the 
outer part of the aquifer, then the 
characteristics and areal extent of 
the aquifer cannot be determined by 
a pressure match. They described a 
procedure to determine the minimum 
size aquifer associated with a reser- 
voir. To accomplish this the reser- 
voir analyzer is arranged to represent 
as large an aquifer as may exist and 
is adjusted to match the pressure his- 
tory of the reservoir. Then, the resis- 
tors representing the outer part of 
the aquifer are varied. If variation 
of the resistance in a zone does not 
affect the pressure in the field, then 
obviously no information can be ob- 
tained on the characteristics of that 
zone. The outermost zone in which 
variations of the resistance will affect 
the analyzer match represents the 
minimum extent of the aquifer; i.e., 
the aquifer must be at least that 
large. Where geologic data indicate 
that the aquifer is actually larger 
than this minimum, it is suggested 
that predicted results be reported on 
the basis of the minimum aquifer 
that will satisfy the pressure-produc- 
tion behavior of the reservoir, and 
also on the basis of the larger aqui- 
fer indicated from geologic data 
which will satisfy the same pressure- 
production data. In this way the 
range of pressure values reported will 
very likely encompass the actual res- 
ervoir behavior. 


COMPARISON OF PREDICTIONS 
OF FIELD E BASED ON 
ORIGINAL AND PRESENT 

MATCHES 


Predictions for Field E based on 
the two reservoir matches, shown in 
Fig. 5, serve to show that even ap- 
proximate analyzer matches yield 
useful information about the future 
reservoir performance. In Fig. 6 the 
predictions for the original match 
beginning in Oct., 1950 reveal a 
pressure difference of 655 psi by 
Jan., 1956 between production rates 
of 21 and 34 per cent of 40,000 res- 
ervoir B/D. Predictions based on the 
more accurate pressure match for the 
same period show a pressure differ- 
ence of 760 psi between the 21 and 
34 per cent production rates. Hence, 


the relative difference in the pre- 
dicted behavior of the reservoir is 
only 105 psi during this five-year in- 
terval for these widely divergent an- 
alyzer matches. 


CONCLUSIONS 


This re-examination of the predic- 
tions of pressure behavior of five 
water-drive fields has demonstrated 
that predictions based upon a few 
years’ pressure history are subject to 
considerable uncertainty. 

Errors in pressure, production, or 
geologic data can cause inaccurate 
predictions to be made. Such errors 
often can be detected by careful an- 
alysis of the data. 

A short-period pressure perform- 
ance provides information only about 
that part of the aquifer near the field. 
The number of years for which re- 


‘liable pressure predictions can be 


made is limited by the amount of 
information available from other 
sources on the characteristics of the 
more remote portions of the aqui- 
fer. It appears advisable to in- 
dicate the expected uncertainty in 
pressure forecasts by providing al- 
ternative predictions, one based upon 
the smallest aquifer which will ade- 


~ quately reproduce past performance, 


and another based upon the largest 
aquifer considered possible. 

The determination of the relative 
pressure behavior for different pro- 
duction rates from a reservoir is not 
subject to the same degree of uncer- 
tainty which characterizes a forecast 
of the absolute pressures in a reser- 
voir. Early studies of a reservoir 
can provide useful information re- 
garding the merits of various produc- 
tion rates. 

The periodic re-study of a reser- 
voir results in ‘increasingly accurate 
forecasts of pressure behavior and 
provides additional information re- 
garding the characteristics of the res- 
ervoir and its associated aquifer. 
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Effect of Applied Pressure on the Conductivity, Porosity 
and Permeability of Sandstones 


D. O. WYBLE 


ABSTRACT 


A pressurizing system was designed and built to ap- 
ply a radial pressure of 5,000 psi to rock samples. Sam- 
ples of the Bradford, Weir and Kirkwood sandstones 
were subjected to radial pressures parallel and perpen- 
dicular to the bedding in the system and the changes 
in conductivity, porosity and permeability were deter- 
mined. 

Asymptotic decreases in conductivity, porosity and 
Klinkenberg permeability were observed over the O- to 
3,500-psi range. From these data, the increase of forma- 
tion factor over the same range was calculated. The 
cementation exponent expressed in the Archie equation 
was found to increase with pressure. 

The rate of change varied from formation to forma- 
tion. Only small differences were observed for samples 
taken parallel to the bedding as compared to those taken 
perpendicular to it except for the Bradford sand. 

Above 3,500 psi the data are not good enough to tell 
if the properties continue to fall-off asymptotically or in 
a different manner. A possible explanation for the proba- 
ble limit of the asymptotic rate around 3,500 to 4,500 
psi is that this represents the maximum pressure which 
the formations have undergone during their geological 
life as a result of burial. 


INTRODUCTION 


For many years measurements have been made in 
the laboratory of the properties of oil-bearing sandstones 
with little consideration being given to whether these 
properties had been changed when the samples were 
moved from their original position in the ground to the 
laboratory. 

Relatively little has been reported in the literature on 
the effect of pressure on the properties of sandstones. 
The changes in permeability for eight typical consoli- 
dated oil-bearing sandstone samples with overburden 
pressure (0- to 15,000-psi range) was presented by Fatt’ 
and Davis’ in graphical form. In 1953 Fatt* also reported 
the relationship between porosity and overburden pres- 
sure for four typical consolidated oil-bearing sandstone 
samples (0- to 5,000-psi range). Fatt’ later described 


Original manuscript received in Society of Petroleum Engineers 
office March 24, 1958. Revised manuscript received July 28, 1958. 
This paper is a condensation of a PhD thesis in geophysics by 
the author on file in the Pennsylvania State U. Library. 
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430 


MICHIGAN COLLEGE OF MINING AND TECHNOLOGY 
HOUGHTON, MICH. 


the changes of formation factor and porosity of 20 typi- 
cal oil-bearing sandstone samples with overburden pres- 
sure changes (0- to 5,000-psi range) giving the values 
of the coefficients and exponents in the Archie* equa- 
tion, 


and the more general Winsauer equation’, 


where C, k and m are empirical constants, F is the for- 
mation factor, and ¢ is the porosity. 

During the experiments of this investigation the core 
was contained in a neoprene rubber sleeve as shown in 
Fig. 1. It was held between two steel end members 
which were mounted in a steel cylinder. The unassem- 
bled pressure cylinder with its component parts is shown 
in Fig. 2. The core was insulated from the two steel end 
members by a Teflon sleeve with a small hole in the 
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center. In operation, the space between the Teflon sleeve 
and the walls of the pressure chamber was filled with 
kerosene under pressure. When pressure was applied to 
the kerosene a radial pressure of O- to 5,000 psi could 
be applied to the cylindrical cores while the axial 
stresses were at atmospheric. It is not known whether 
the effects of radial pressure on the properties of the 
samples would be identical with the effect of overbur- 
den pressure. It should be noted here that this stress 
system is different from the more conventional hydro- 
static stress system used by Fatt. 

Sixteen cylindrical samples 0.75 in. in diameter and 
1.5 in. long were cut from sandstone cores using a dia- 
mond drill. These samples were cut parallel and per- 
pendicular to the bedding plane of the Weir, Kirkwood 
and Bradford sandstone formation samples. The Brad- 
ford and Weir sands are low-rank greywackes and the 
Kirkwood is a fairly clean orthoquartzite according to 
the Krynine* classification. Details of the apparatus, ex- 
perimental procedure, core preparation and accuracy of 
the measurements are discussed by Wyble’ in a thesis on 
which this paper is based. 


OBSERV.ED DATA 


The values of conductivity, porosity, permeability 
and formation factor at room temperature and atmos- 
pheric pressure are presented in Table 1. The average 
changes of these properties with pressure for each for- 
mation are shown in Figs. 3, 4 and 5. The term “hori- 
zontal” applies to samples taken parallel to the bed- 
ding plane and the term “vertical” to samples taken per- 
pendicular to the bedding plane. Using Table 1 and 
Figs. 3, 4 and 5 one can construct a similar figure for 
formation factor as a function of pressure. 


Resistivities and conductivities were calculated from 
measured resistance values and core dimensions. The 
ratio between the conductivity at a given pressure and 
the conductivity at zero pressure were computed for 
each core over the 0- to 5,000-psi range. These ratios 
were converted into percentages and averaged for the 
samples parallel to the bedding plane and for the sam- 
ples perpendicular to the bedding plane of each forma- 
tion and plotted as a function of pressure (Figs. 3, 4 


TABLE 1—SAMPLE CHARACTERISTICS AT ATMOSPHERIC PRESSURE 


(Cores were cut parallel to bedding except for cores marked V, which 
were cut with their axis at right angles to the bedding.) 


Weir Cores W20B W20BV W31B W31BVY W39B W398V 


Brine porosity 16.6 16.0 14.3 14.0 12.9 13.0 
Conductivity (mho/cm) (10)? 2.17. 2.33 1.75 1.39 
Permeability, md 3.19 4.63 1.42 1.68 1.08 1.83 
Formation factor 35.4 33.1 58.8 57.2 
Kirkwood Cores K65 K65V K67  K67V_ K67V1 
Brine porosity 18.7 18.6 12.6 EY 12.9 
Conductivity (mho/cm) (10)-? 2.94 253 1.56 1.50 1.68 
Formation factor 26.2 30.4 49.2 51.2 45.9 
Bradford Cores B20 B23 B26 B29V B29V1 


Brine porosity 9.0 3 
Conductivity, (mho/cm) (10)- .640 .625 1.35  .952 
Permeability, md -476 1.42 10.3 2.48 2.48 
Formation factor 127,512 123.0 80.9" 80.9 
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and 5). The maximum deviation for any individual 
sample of its group (Bradford, Weir or Kirkwood) was 
6.6 per cent while for most samples it was less than 
3.0 per cent. No correction was applied for the effect 
of clay conductivity on these data. 

Porosity data are presented similarly. The maximum 
deviation of the ratio for any sample at 5,000 psi from 
the average value of its group was 1.2 per cent. Klin- 
kenberg permeabilities’ are presented in the same way. 
The maximum deviation of the ratio for any individual 
sample at 5,000 psi from the averaged value of its group 
was 11.45 per cent, while for most of the samples it 
was less than 10 per cent. The greater variation of in- 
dividual permeability values as compared to porosity 
and conductivity is to be expected, considering the les- 
ser accuracy of permeability measurements and the 
greater range of its decrease with increasing pressure. 


RELATIONSHIP BETWEEN PROPERTIES 
AND PRESSURE 


The general shape of Figs. 3, 4 and 5 is an exponential 
decrease approaching a fixed value of the ratio of the 
given property under pressure to the same property at 
zero pressure. In Fig. 6 observed values of conductivity 
less this asymptotic limit are plotted against pressure on 
semi-logarithmic paper. This can also be done for the 
other properties. The following equation describes a 
straight line on such a plot. 

(We) 
0 
where W> is the value of the property under considera- 
tion at pressure P; W, is the value of the property at 
zero pressure; B is the per cent to which the curve is 
asymptotic; and a is the coefficient of exponential de- 
crease (determined from the slope of the semi-logarith- 

mic plot). 

Values of B and « are given in Table 2 for all prop- 
erties measured. The plot of Fig. 6 approximated a 


100 = B= (100 10 
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straight line only in the range of 0 to 3,500 psi. At 
higher pressures, the shape of the curve is very sensi- 
tive to the value of B chosen, and small] inaccuracies in 
the data can cause large scatter of the points. The right- 
hand column of Table 2 shows the maximum deviations 
of the observed values of conductivity, porosity and 
permeability from the average values. 

The constants and exponents of the Archie* and Win- 
sauer’ equations using the data from Figs. 3, 4 and 5 
at certain pressures are shown in Table 3. These data 
were processed by the least-squares method of adjust- 
ment in a manner similar to that by Fatt*. In this 
method of adjustment two values of the constants should 
be determined for the Archie‘ and Winsauer® equations 
depending on the coordinate minimized. The values of 
the cementation exponent in the Archie equation were 
the same for both. A third value could also be deter- 
mined but this did not seem feasible. As previously 
pointed out, the properties show a decided change be- 
yond 3,500 psi which is in agreement with the con- 
stants in Table 3. ; 

For pressures greater than 3,500 psi it was impossible 
to find a good fit to an asymptotic curve representing 
the dependence of the rock properties studied on pres- 
sure. The sudden change of the constants in the Win- 
sauer equation indicate this. From purely physical con- 
siderations it would be expected that some further de- 
crease in porosity, permeability and conductivity beyond 
the asymptotic value, B, of Eq. 3 would continue to oc- 
cur as pressure was increased. 

A possible explanation is that B represents a limiting 
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TASLE £-——VALUES UF 


Max. dey. 
of each 
i observation from 
B Porosity averaged curves 
(per cent) 
Weir horizontal 90.5 2545 0.4 
Weir vertical 90.5 1.94 0.8 
Kirkwood horizontal 93.5 0.9 
Kirkwood vertical 92.5 1.82 1.2 
Bradford horizontal 90.5 3.11 0.3 
Bradford vertical 86.0 1.60 0.1 
Max. dev. 
of each 


a observation from 
Conductivity gyeraged curves 


10#@ (per cent) 
Weir horizontal 76.0 3.6 
Weir vertical 76.0 212 2.4 
Kirkwood horizontal 74.0 3.44 6.6 
Kirkwood vertical 76.0 2.66 6.6 
Bradford horizontal 73.0 2.40 153 
Bradford vertical 67.0 2.48 1.0 

Max. dev. 

of each 


observation from 
_Permeability averaged curves 


Br 104a (per cent) 
Weir horizontal 34.0 2.77 10.2 
Weir vertical 33.0 3.22 11.4 
Kirkwood horizontal! 43.0 3.44 7.5 
Kirkwood vertical 52.0 3.60 HZ 
Bradford horizontal 68.5 22 1.6 
Bradford vertical 44.0 1.78 


TABLE 3—CONSTANTS 
Winsauer equation 


Archie 
Pressure equation F minimized & minimized 
(psi) (F) (F) (F) 

0 72-10 45 672-35 
1,000 84 55 
4,000 G-2-% 42 05 


value of elastic deformation of the matrix, beyond which 
a different, much slower type of deformation occurs. 
At low pressures deformation may occur by the clos- 
ing of small cracks without appreciable deformation 
of individual sand grains or reorientation of grains in 
the matrix. Further change would be much slower, too 
slow to be noted in the pressure range studied, and 
would involve distortion of individual grains. 

Even though a different pressurizing system was used 
in this work, the results obtained here are consistent 
with observations by Fatt”*. The general shape of Fatt’s 
plots are similar to those presented here. 
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The Importance of Reliable Data in Gas-Condensate 
Recovery Calculations 


R. F. HINDS 
MEMBER AIME 


INTRODUCTION 


With the continued deep drilling of today, increasing 
numbers of high pressure and high temperature gas- 
condensate reservoirs are being discovered. Correspond- 
ingly, the ranges of properties of gas-condensate reser- 
voir fluids are also being increased. The literature””’ 
contains several excellent reviews of the property ranges 
in presently known condensate reservoirs. When one ex- 
amines these property ranges, it becomes apparent that 
the need for reliable data is great if the engineer is to 
evaluate properly or appraise a gas-condensate reservoir. 

It is the purpose of this paper to present phase- 
behavior data that will point out some of the impor- 
tant variables that influence recovery from gas-conden- 
sate reservoirs produced by pressure depletion. All 
these variables may be resolved into two major cate- 
gories: the hydrocarbon composition of the reservoir 
fluid and the physical properties of the reservoir. But the 
variables which we will consider are those which are 
usually determined from well tests shortly after discov- 
ery and are, consequently, readily available to the en- 
gineer. They are as follows: (1) the producing separa- 
tor gas-stock-tank liquid ratio, (2) stock-tank liquid 
gravity, and (3) reservoir temperature. 

Laboratory depletion studies have been performed 
on several reservoir fluids to illustrate the effect of 
changes in the considered variables upon ultimate 
recoveries. The deviation factors, Z, of a series of 
reservoir fluids were determined experimentally to illus- 
trate their order of magnitude and their effect upon 
the calculation of in-place reserves existing at high 
pressures and temperatures. The procedures followed 
in conjunction with the performance of these studies 
and their associated calculations are illustrated in Fig. 1. 
For the purpose of this paper, the depletion recoveries 
are expressed only in terms of per cent of initial stock- 
tank liquid, with the abandonment pressure assumed 
to be 500 psig. 


VARIATION OF RECOVERY WITH INITIAL 
PRODUCING SEPARATOR GAS-STOCK-TANK 
LIQUID RATIO 


The producing separator gas-stock-tank liquid ratio 


Original manuscript received in Society of Petroleum Engineers 
office March 10, 1958. Revised manuscript received Oct. 22, 1958. 
Paper presented at Gas Technology Symposium in Shreveport, La., 
April 17-18, 1958. 
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has long been one of the principal criteria in assump- 
tions and generalized correlations’ used for the estima- 
tion of ultimate recovery from gas-condensate reser- 
voirs. Fig. 2 presents a plot of the cumulative recovery 
of stock-tank liquid at abandonment as a function of 
the initial producing separator gas-stock-tank liquid ra- 
tio. The graphical illustration represents the results of 
44 laboratory depletion studies performed on actual gas- 
condensate fluids. These data are presented not only to 
illustrate the general trend of ultimate recovery increase 
with initial producing ratio increase but to emphasize 
the considerable variation in possible recovery at any 
given producing ratio. 

Table 1 presents the properties of two actual reser- 
voir fluids chosen to illustrate the approximate extremi- 
ties of producing ratios for gas-condensate systems. The 
fluids designated as A and B exhibited initial producing 
ratios of 3,400 and 114,000 scf/bbl, respectively. Fig. 3 
presents a graphical comparison of the cumulative stock- 
tank liquid recoveries, calculated from the well-stream 
compositions and produced volumes for each fluid dur- 
ing depletion. It is to be noted that Fluid A exhibited a 
recovery of only 16.5 per cent when produced to an 
assumed abandonment pressure of 500 psig while the 
corresponding recovery for Fluid B was calculated to be 
62.2 per cent. This difference in recovery, which exem- 
plifies the general trend of recovery increase with initial 
producing ratio increase, is readily explained by consid- 
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eration of the composition of the hydrocarbon systems. 


As the initial producing ratio increases the ratio of 
the light hydrocarbons (C,, C,....C,’s) to the heavier 
components (C; + ) increases in the well stream. Dur- 
ing depletion, the higher this ratio the greater is the 
volatility imposed upon the heavy components. This re- 
sults in less retrograde condensation and, consequently, 
greater recovery. 


VARIATION OF RECOVERY WITH INITIAL 
STOCK-TANK LIQUID GRAVITY 


Referring again to Fig. 2, it is to be pointed out that 
quite obviously in many cases there is a considerable 
variation in ultimate recovery for a specific initial pro- 
ducing ratio. Hydrocarbon composition again is the 
major cause. One of the most important variables in- 
fluencing these recovery differences is the properties of 
the heptanes and heavier which for our purpose are 
reflected in the stock-tank liquid gravity. 

Table 2 presents the properties of two actual reservoir 
fluids chosen to illustrate the effect of initial stock-tank 
liquid gravity upon recovery. The two fluids, desig- 
nated as C and D were chosen with similar producing 
ratios of 13,000 scf/bbl each, but with a wide variation 
in stock-tank liquid gravities of 47° and 68° API, re- 
spectively. The wide variation in stock-tank gravities 
corresponds to the heptanes and heavier gravities of 
42.1° and 58.7° API, respectively. The laboratory de- 
pletion studies were performed at similar reservoir tem- 
peratures to provide further emphasis to the effect of 
initial gravities. The comparison of the cumulative stock- 
tank liquid recoveries resulting from the depletions is 


TABLE 1—PROPERTIES OF RESERVOIR FLUIDS CHOSEN TO ILLUSTRATE 
THE APPROXIMATE EXTREMITIES OF PRODUCING SEPARATOR GAS-STOCK- 
TANK LIQUID RATIOS FOR GAS-CONDENSATE FLUIDS 

Reservoir Fluid 
(A) (B) 
Separator gas-stock-tank liquid ratio, scf/bbl 3,400 114,000 
Stock-tank liquid gravity, °API 54 63 
Hydrocarbon composition 
Component 


Mol per cent Mol per cent 


Methane 65.5 93.4 
Ethane 9.2 3.8 
Propane 4.5 1.0 
Butanes 4.0 0.6 
Pentanes 2.6 0.3 
Hexanes 0.2 
Heptanes plus 12.0 0.7 
Totals 100.0 100.0 
Properties of heptanes plus 
API gravity @ 60°F 45.6 54.2 
Specific gravity @ 60/60°F 0.799 0.762 
Molecular weight 184 145 
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illustrated in Fig. 4. The recovery for Fluid C at 500 
psig was calculated to be 30.3 per cent while the corre- 
sponding recovery for Fluid D was found to be 47.5 
per cent. 

These data indicate that for similar producing ratios 
and similar reservoir temperatures, the reservoir fluid 
with the more volatile heptanes and heavier, or higher 
stock-tank-API gravity, would yield the greater recov- 
ery during depletion. 


VARIATION OF RECOVERY WITH RESERVOIR 
TEMPERATURE 


The effects of temperatures upon dew-point pressure 
and retrograde condensation for specific reservoir fluids 
have long been recognized and have been presented in 
the literature®® in the form of phase diagrams. However, 
there has been very little data presented to illustrate 
the effect of temperature upon depletion recoveries. 
With reference to Fig. 2 again, the variation in ultimate 
recovery for a specific initial producing ratio can be 
attributed in part to the effect of reservoir temperature. 
The extent of the effect of temperature, of course, will 
depend upon the hydrocarbon composition of the res- 
ervoir fluid. 


Table 3 presents the properties of a specific reser- 
voir fluid chosen to illustrate the effect of reservoir tem- 
perature, alone, upon depletion recoveries. The fluid 
designated as E yields an initial producing ratio of 7,100 
scf/bbl with an associated stock-tank liquid gravity of 
53° API. The molecular weight and gravity of the 


TABLE 2—-PROPERTIES. OF RESERVOIR FLUIDS CHOSEN TO ILLUSTRATE THE 
VARIATION OF RECOVERY WITH STOCK-TANK LIQUID GRAVITY 
Reservoir Fluid 
(C) (D) 
Separator gas-stock-tank liquid ratio, scf/bbl 13,000 13,000 
Stock-tank liquid gravity, °API 47 6 
Hydrocarbon composition 


Component Mol per cent . Mol per cent 
Methane 84.0 80.1 
Ethane 6.3 6.5 
Propane 2.6 2.9 
Butanes 1.5 3.0 
Pentanes 0.7 2.1 
Hexanes 0.6 1.6 
Heptanes plus 4.2 3.8 
Totals 100.0 100.0 
Properties of heptanes plus 
API gravity @ 60°F 42.1 58.7 
Specific gravity @ 60/60°F 0.815 0.744 
Molecular weight 180 130 
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heptanes and heavier are 160 and 46.2° API, respec- 
tively. 

Laboratory depletion studies were performed on Fluid 
E at temperatures of 120°, 240°, and 300°F. It was felt 
that this temperature range would encompass the ma- 
jority of gas-condensate reservoirs of practical signifi- 
cance. The cumulative recovery curves for the three 
temperatures are presented as a function of pressure 
decline in Fig. 5. Abandonment recoveries at 500 psig 
were found to be 16.1 per cent at 120°F, 36.2 per cent 
at 240°F, and 51.5 per cent at 300°F. These values 


represent a spread of 35.4 per cent over the temper- 


ature range of 120° to 300°F. 

The increase in recovery due to temperature increase 
for a specific reservoir fluid is due primarily to the fact 
that the heptanes and heavier, which constitute the 
greater portion of stock-tank liquid, increase in volatility 
with temperature increase. This results again in less 
retrograde condensation and, consequently, greater re- 
covery. For a given initial producing ratio, the reser- 
voir temperature appears to have a more pronounced 
effect upon ultimate recovery by pressure depletion than 
does the initial stock-tank liquid gravity, when each is 
considered as an independent variable. 


IMPORTANCE OF A DEVIATION FACTOR (Z) IN 
CALCULATING “IN-PLACE” RESERVES 


Discovery of the very high pressure and high tem- 
perature gas-condensate reservoirs in recent years has 
necessitated the use of accurate deviation factors in the 
calculation of in-place reserves. 

Table 4 presents a list of eight measured deviation 
factors tabulated as a function of initial producing gas- 
liquid ratio and reservoir pressure-temperature. The table 
is presented to demonstrate the tremendous magnitude 
of these values, which range from 1.275 at 244°F and 
7,700 psig to 2.038 at 205°F and 11,000 psig. An ex- 
treme case is used as an example to illustrate its effect 


TABLE 3—PROPERTIES OF A RESERVOIR FLUID CHOSEN TO ILLUSTRATE 
THE VARIATION OF RECOVERY WITH RESERVOIR TEMPERATURE 
Reservoir Fluid 


(E) 
Separator gas-stock-tank liquid ratio, scf/bbl 7,100 
Stock-tank liquid gravity, °API 53 


Hydrocarbon composition 


Component Mol per cent 
Methane 78.1 
Ethane 6.4 
Propane ; 3.8 
Butanes 23 
Pentanes 1.5 
Hexanes 
Heptanes plus 6.8 

ota 100.0 
Properties of heptanes plus 
API gravity @ 60°F 4 46.3 
Specific gravity @ 60/60°F 0.796 
Molecular weight 160 
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TABLE 4—THE MAGNITUDE OF DEVIATION FACTORS (Z) MEASURED AT 
HIGH PRESSURES AND TEMPERATURES FOR LOW-RATIO GAS- 
CONDENSATE FLUIDS 


Producing Reservoir Reservoir Measured 
separator gas-stock-tank pressure temperature deviation factor 
liquid ratio (scf/bbl) (psig) SF) v4 

15,000 9,500 239 1.440 
13,000 7,700 244 1.275 
13,000 8,200 213 1.326 
6,600 8,400 267 1.420 

6,200 — 9,000 238 
5,100 7,400 278 1.335 
4,000 8,000 240 1.449 
3,000 (critical) 11,000 205 2.038 


*The use of this Z factor in a volumetric calculation would show 51 2. 
per cent less actual reserves than would be calculated if Z is neglected. 


upon in-place reserve estimates. The example fluid ex- 
hibited an initial producing ratio of 6,200 scf/bbl and 
existed as a single vapor phase at reservoir conditions 
of 9,000 psig and 238°F. The measured deviation factor 
for these conditions was 1.517. This value, when used 
in volumetric calculations, shows 51.7 per cent less ac- 
tual reserves than would be calculated if the deviation 
factor is neglected. 


CONCLUSIONS 


Ultimate recoveries from gas-condensate reservoirs 
produced by pressure depletion will vary considerably, 
depending upon their initial hydrocarbon composition 
and reservoir physical properties. The wide variation in 
these recoveries then emphasizes the importance and 
need for having reliable data for each specific reservoir 
and gas-condensate system studied. 
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A Comparison of Calculated k,</kro Ratios with a 
Correlation of Field Data 


MICHAEL A. TORCASO 


ABSTRACT 


It is shown that k,,/k,. ratios com- 
puted on the assumption that the av- 
erage sandstone reservoir has a pore- 
size distribution characterized by a 
linear 1/P,.’ saturation plot are in 
good agreement with corresponding 
k,/k,. ratios obtained by Wahl, Mul- 
lins and Elfrink by the correlation of 
field measurements. 


EQUATION FOR CALCULATING 
RATIOS 


Methods of calculating relative per- 
meability data have recently been re- 
viewed and extended.’ It was shown 
that for sandstone reservoirs where 
1/P2 is approximately a linear func- 
tion of effective saturation (as sug- 
gested first by Corey") it is possible 
to express relative permeabilities in 
very simple terms. For systems wet- 
ted by connate water and producing 
oil and gas (gas saturation growing 
at the expense of oil) the expression 
for the k,,/k,, ratio is 


S 


Bro. 
where S* = effective saturation = 
S. 
1— 


The accuracy of Eq. 1 has been 
frequently confirmed in our labora- 
tories; because of its simplicity we 
make routine use of it in the ana- 
lytical solution of problems in reser- 
voir engineering. Nevertheless, com- 
parisons of the k,,/k,. ratios yielded 
by Eq. 1 with appropriate reservoir 
data have been few. The publica- 
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tion by Wahl, Mullins and Elfrink’ 
of an empirical equation for kyo/k+ro 
ratios is thus of interest since this 
equation is specifically stated to be 
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based on the correlation of field 
measurements made on sandstone res-. 
ervoirs. Not surprisingly these au- 
thors found that it was necessary to 
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treat the interstitial water saturation 
as a parameter. This parameter we 
treat as S,,, in Eq. 1 for effective satu- 
ration. 

Figs. 1 and 2 give a comparison 
between k,,/k,. calculated from the 
Wahl, et al, empirical equation and 
calculated from Eq. 1. S,,; values of 
0.10, 0.20, 0.30, 0.40 and 0.50 were 
chosen. When the fact is considered 
that the Wahl, et al, empirical equa- 
tion causes k,,/k,, to go to infinity at 
a total liquid saturation of S,,; +0.25, 
the agreement between the two sets 
of curves is excellent. The divergence 
at S,,, = 0.40 and 0.50 can possibly 
be attributed to the scarcity and 
atypical nature of reservoirs pro- 
ducing oil and gas at such high water 
saturations. 


CONCELUSTON 


We conclude that Eq. 1 is a sim- 
ple and useful expression for calcu- 
lating k,,/k,, ratios in sandstone res- 
ervoirs for which an average water 
saturation has been obtained either 
by electric log or core analysis. It is 
an expression particularly useful in 
the analytical formulation of prob- 
lems in reservoir engineering. 


REFERENCES 


1. Wyllie, M. R. J. and Gardner, G. H. 
F.: “The Generalized Kozeny-Carman 
Equation”, World Oil (March and 
April, 1958) 146, No. 4, 121; and 
146, No. 5, 210. 

2. Corey, A. T.: “The Interrelation be- 
tween Gas and Oil Relative Permeabil- 
ities”, Prod. Monthly (1954) 19, No. 

3. Wahl, W. L., Mullins, L. D. and El- 
frink, E. B.: “Estimation of Ultimate 
Recovery from Solution Gas-Drive Res- 
ervoirs”, Trans. AIME (1958) 213, 
132. tok 


A437 


| 

— 


The Effect of Temperature on the Flow Properties of 
Clay-Water Drilling Muds 


S. SRINI-VASAN* 
JUNIOR MEMBER AIME 
CARL GATLIN** 
MEMBER AIME 


INTRODUCTION 


In the past few years the hydraulic aspects of ro- 
tary drilling have received considerable attention. It is 
generally recognized that accurate prediction of. circu- 
lating pressures is desirable, particularly in those areas 
where a delicate pressure balance is necessary to prevent 
both blowouts and lost circulation. For calculation pur- 
poses the standard hydraulic equations for the pipeline 
flow of Newtonian fluids have been altered to facili- 
tate similar calculations for non-Newtonian or plastic 
fluids.*? This latter classification includes most colloidal 
types of drilling muds. 

Two properties: plastic viscosity, ,, and Bingham 
yield value, Yz, are commonly used to define the flow 
characteristics of a plastic fluid. These are commonly 
obtained with multispeed viscosimeters such as the Fann 
V-G meter.? Normally these measurements are obtained 
at some surface temperature, and are not corrected to 
circulating temperatures for calculation purposes. This 
may result in considerable error, particularly in the 
laminar flow calculations which commonly apply to the 
drill pipe-borehole annulus. The purpose of this study 
was to investigate the effect of temperature on the flow 
properties of some water-base muds. 


EXPERIMENTAL PROCEDURE 


A laboratory model Fann V-G meter was used 
for measurement of viscosities, yield values and gel 
strengths. An aluminum water jacket with O-ring seals 
was machined to fit around the mud cup of the Fann 
meter. 


All mud samples were prepared by thorough mixing 
in a Hobart mixer. Viscosity and gel strength measure- 
ments were made with the Fann meter using standard 
procedures. Flow properties of muds were studied at 
80, 120, 160 and 180°F. 


The compositions of the test samples are given in 
Table 1. 
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RESULTS 


EFFECT OF TEMPERATURE ON FLOW PROPERTIES 


The typical effect of temperature on the flow proper- 
ties of these drilling muds is illustrated by Fig. 1. It 
was found that plastic viscosity and apparent viscosity 
decreased with an increase of temperature. However, 
the curves were not linear, and did not appear to follow 
any definite trends or patterns. Yield point data showed 
much more scattering.* 

Since a usable method for predicting drilling mud 
flow behavior with temperature was desired, an attempt 
was made to find a simple relationship between these 
variables. The basic approach used by Havenaar’ for 
predicting the same effect on turbulent viscosity resulted 
in Fig. 2, which shows that 


TABLE 1—COMPOSITION OF MUD SAMPLES TESTED 


Sample No. Composition 

32 8 per cent bentonite mud 

34 3 per cent bentonite mud 

35 4 per cent bentonite mud 

36 8 per cent bentonite mud 

39 10 Ib/gal, 4 per cent bentonite, barite mud 

42 15 |Ib/gal, 4 per cent bentonite, barite mud 

43 10 Ib/gal, 10 per cent (by volume) diesel oil, 4 per cent 
bentonite, barite emulsion mud 

45 15 Ib/gal, 10 per cent (by volume) diesel oil, 4 per cent 
bentonite, barite emulsion mud 

47 10 Ib/gal, 4 per cent bentonite, barite, surfactant (DMS) mud 

48 15 Ib/gal, 4 per cent bentonite, barite, surfactant (DMS) mud 

49 10 Ib/gal, low lime treated (1 Ib/bbl), 4 per cent bentonite, 
barite mud 

50 15 |Ib/gal, low lime treated (1 Ib/bbl), 4 per cent bentonite, 


barite mud 


51 per cent bentonite mud 
Note: All mud samples referred to are water-base muds; per cents are by 
weight unless otherwise specified. 
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where p is plastic viscosity of mud at temperature, 7; 
bt» is water viscosity at same temperature, T; a,b are 
intercept and slope of line, respectively; and T is tem- 
perature, °F. 

___All muds tested fit this relationship closely except 
the emulsion mud (No. 43). Its deviation was probably 
due to changes in emulsion quality which would not 
have occurred in a completely stabilized system. A 
similar plot of apparent (600 rpm) viscosity is shown 
in- Fig. 3. 

These observations make it possible to predict the 
flow properties (u, and Y;) of these or similar muds 
at common borehole temperatures; if they are known at 
two lower temperatures. Data from this study indicate 
that this relationship is valid to at least 200°F. Yield 
values may be calculated from plastic and apparent 
viscosity values using the following relationship. 

where Y, is Bingham yield value, 1b/100 ft’; and po, M, 
are apparent and plastic viscosities of the mud in ques- 
tion at the desired temperature, cp. 

Knowledge of flow property behavior to 200°F will 
cover pressure drop predictions in wells as deep as 15,- 
000 ft in the Gulf Coast area. This assumes that the 
average flow temperature in the annulus is approxi- 
mated by the arithmetic average of bottom-hole circu- 
lating and discharge temperatures. Data on down-hole 
circulating temperatures are available in API RP-10B, 
or from a convenient curve prepared by Smith.’ 


EFFECT OF TEMPERATURE ON GEL STRENGTH 

Gel strength behavior is shown in Fig. 4. As eX- 
pected, each mud had its own characteristic behavior 
and no correlation was attempted. 


CONCLUSION 


Flow property variation with temperature to 200°F 
of clay-water muds may be predicted by the method 
presented in this paper. This of course does not apply 
to other systems which might undergo appreciable chem- 
ical alteration at the temperatures in question. 
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CaubDLeE, B. H., and Dyess, A. B.: Improving Miscible 
Displacement by Gas-Water Injection, 281 
(Nov. JPT) 

CAUDLE, B. H., et al.: Effect of Fractures on Sweep-Out 
Pattern, 245 (Oct. JPT) 


PETROLEUM TRANSACTIONS, AIME 
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CEMENT: bentonite content, proper use, 26 (Feb. JPT) 
strength loss: X-ray study of causes, 20 (Feb. JPT) 

CEMENTING: squeeze: See Squeeze 

CEMENT SLURRIES: deposition properties needed to re- 
strict formation of nodes inside casing, 51 
(March JPT) 

Cuarts: identification of complex mixtures of oilfield 
waters, (Tech. Note) Sept. JPT, 402 

Cuatas, A. T., and YANKIE, W. W. JR.: Application 
of Statistics to Analysis of Production De- 
cline Data, (Tech. Note) Aug. JPT, 399 


CHEMICALS: maintaining clear water for drilling, 70 
(Apr. JPT) 


CHROMATOGRAPHY: gas-liquid: definitions and three 
techniques for studying oilfield cores, 
(Tech. Note) March JPT, 359 

Co.Luins, R. E., et al.; Factors Affecting Rate of Depo- 
sition of Cement in Unfractured Perfora- 
tions During Squeeze-Cementing Operations, 
51 (March JPT) 

COMBUSTION method of oil recovery (see also Thermal 
Recovery) : 

equations for calculating amount of injected air 

and analyzing experimental data, (Tech. 
Note) Sept. JPT, 406 


fluid dynamics during process, 146 (Summary July 
JPT, 60A) 

zones ahead of combustion zone, calculation of 
production histories, 146 (Summary July 
JPT, 60A) 


Computers: digital: calculation of linear waterflood 
behavior, including capillary pressure, 96 
(Summary June JPT, 131A) 


high-speed: analysis of reservoir performance 
in two and three space dimensions, 139 
(Summary July JPT, 60A) 
pressure interference correction to material 
balance equation for water-drive reservoirs, 
418 (Summary Sept. JPT, 95) 
Guyod analog, 11 (Jan. JPT) 


Conpuctivity: effect of applied pressure, samples of 
Bradford, Weir, and Kirkwood sandstones, 
(Tech. Note) Nov. JPT, 430 


ConLey, F. R., et al.: Deterioration of Miscible Zones 
in Porous Media, 228 (Summary Sept. 
JPT, 90A) 


CoppPER ion displacement test for selection of suitable 
corrosion inhibitors, (Tech. Note) Jan. 
JPT;-350 


CORE BARRELS, RUBBER SLEEVE: bit head for use in 
many types of formations, (Tech. Note) 
Jan. JPT, 347 


development and field testing in unconsolidated 
sands, (Tech. Note) Jan. JPT, 347 
CORES, OILFIELD: flow of gases: evidence of chroma- 
tographic effect, (Tech. Note) March 
IPT; 359 
pore volume compressibilities of sandstone res- 
ervoir rock (Tech. Note) March JPT, 362 
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CORROSION INHIBITORS: selection for particular sys- 
tems by copper ion displacement test, 
(Tech. Note) Jan. JPT, 350 

Craze, R. C.: Spacing of Natural Gas Wells, 213 
(Sept. JPT) 


D 


DaRDAGANIAN, S. G.: Application of the Buckley-Lev- 
erett Frontal Advance Theory to Petro- 
leum Recovery, (Tech. Note) Apr. JPT, 365 

DECLINE CURVE ANALYSIS: application to gravity-drain- 
age reservoirs in stripper stage, 275 (Nov. 
JPT) 

Denekas, M. O., et al.: Reservoir Rock Wettability — 
Its Significance and Evaluation, 155 (July 
JPT) 

DEPLETION: Muskat equation: derivation considering 
expansion behavior of reservoir hydrocar- 
bon system and simple fractional flow equa- 
tion, 285 (Summary Nov. JPT, 67) 

DETERGENT SLUGS: See Water Flooding 

Dew, J. N., et al.: Deterioration of Miscible Zones in 
Porous Media, 228 (Summary Sept. JPT, 

~90A) 

Dew, J. N., et al.: Process Variables of In Situ Com- 
bustion, 28 (Feb. JPT) 

DE WitTTE, A. J., et al.: Streaming Potential Problem in 
Well Logging, 409 (Summary Sept. JPT, 
90A ; discussion, 415 

DIAMOND BIT HEADS: development for use with rubber- 
sleeve core barrel, (Tech. Note) Jan. 
JPT, 347 

DISPLACEMENT LOGGING: low zone concept should be 
utilized and other controls are needed, 
(Tech. Note) Feb. JPT, 353 

DouGtas, JIM, JR.: Application of Numerical Methods 
to Predict Recovery from Thin Oil Col- 
umns, 193 (Summary Aug. JPT, 59) 

DouGLas, Jim JrR., et al.: Calculation of Linear Water- 
flood Behavior Including the Effects of 
Capillary Pressure, 96 (Summary June JPT, 
131A) 

DoscuER, Topp, et al: Evidence of Chromatographic 
Effect During Flow of Gases Through Oil- 
field Cores, (Tech. Note) March JPT, 359 

DraINnaGE: field evidence, 214 (Sept. JPT) 

Draper, A. L. et al.: Miscible Fluid Displacement in 
Porous Media, 76 (Apr. JPT) 

DriLL sits: for use with rubber-sleeve core barrel, 
(Tech. Note) Jan. JPT, 347 

DRILLING: differential pressure sticking of collars, theo- 
retical analysis, including formulas for 
pull-out force, 265 (Summary Oct. JPT, 
244A) 

drag coefficients, or friction factors, or rock cut- 
tings, 180 (Aug. JPT) 
effect of pressure on rock drillability: laboratory 


tests using water and air as fluids, 1 (Jan. 
IPT) 
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hard rock: low-frequency percussion: correlation 
between laboratory and field performance, 
(Tech. Note) July JPT, 393 


hole cleaning: recommendations for air and gas 

drilling, 180 (Aug. JPT) 

DRILLING FLUIDS: chemicals for maintaining clear water, 
70 (Apr. JPT) 

electrical properties: correlation with solids con- 

tent, 333 (Summary Dec. JPT, 716 

DRILLING Mup: clay-water: effect of temperature on 
flow properties, (Tech. Note) Dec. JPT, 438 

DuMBAULD, G. K., et al.: Factors Affecting Rate of 
Deposition of Cement in Unfractured Per- 
forations During Squeeze-Cementing Opera- 
tions, 51 (March JPT) 

DYE ADSORPTION TEST: for determining relative water 
wettability of porous media, 261 (Summary 
Oct. JPT, 244A) 

Dyes, A. B., and Cauptez, B. H.: Improving Miscible 
Displacement by Gas-Water Injection, 281 
(Nov. JPT) 

Dyss, A. B., et al.: Effect of Fractures on Sweep-Out 
Pattern, 245 (Oct. JPT) 

Dyke, P. M., et al: Application of Numerical Methods 
to Predict Recovery from Thin Oil Columns, 
193 (Summary Aug. JPT, 59) 


E 


EcKEL, J. R.: Effect of Pressure on Rock Drillability, 
1 (Jan. JPT) 

ELECTRICAL LOGGING: water saturation verified by 
porosity balance check, 161 (July JPT) 

ELFRINK, E. B., et al.: Estimation of Ultimate Recovery 
from Solution Gas-Drive Reservoirs, 132 
(June JPT) 


F 


Fatt, I.: Pore Volume Compressibilities of Sandstone 
Reservoir Rocks, (Tech. Note) March JPT, 
362 

FLow (see also Fluid Flow): Bingham plastic in sta- 
tionary pipes and annuli: practical utiliza- 
tion of the theory, 316 (Summary Dec. 
JPT, 76) 

casing: calculation of annular pressure gradients 

in form suitable for punch-card machines, 
202 (Summary Aug. JPT, 59) 


generalized Newtonian (pseudoplastic) in station- 
ary pipes and annuli, 325 (Summary Dec. 
JPT, 76) 

laminar and turbulent in heterogeneous porosity 
limestones, laboratory study, 121 (Sum- 
mary June JPT, 131A) 


FLUE Gas: substitute for hydrocarbon gas for injection 
in miscible slug process, 7 (Jan. JPT) 


FLum FLow: effect of rate and viscosity on laboratory 
determination of oil-water relative perme- 
abilities, 36 (Feb. JPT) 
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laminar and turbulent flow in heterogeneous poro- 
sity limestones, laboratory study, 121 (Sum- 
mary June JPT, 131A) 

FORMATION FRACTURES: created by stimulation treat- 
ments: effect on sweep-out efficiency in 
water flooding, 245 (Oct. JPT) 

FORMATION FRACTURING: surface recording of bottom- 
hole and wellhead pressures on same chart, 
65 (March JPT) 

Foster, W. R., et al.: Practical Utilization of the 
Theory of Bingham Plastic Flow in Station- 
ary Pipes and Annuli, 316 (Summary Dec. 
JPT, 76) 

Fox, J. E.-Jr., et al.: Use of Chemicals to Maintain 
Clear Water for Drilling, 70 (Apr. JPET) 


G 


Ga.tus, J. P., et al.: Use of Chemicals to Maintain 
Clear Water for Drilling, 70 (Apr. JPT) 
GAS-CONDENSATE RESERVOIR: estimate of recovery: var- 
iables that influence, 60 (Nov. TPP) 
production history compared with laboratory and 
calculated behavior prediction, 127 (June 
JPT) 
GAS DRIVE: (see also Solution): Buckley-Leverett frontal 
advance theory, (Tech. Note) Apr. IPT; 
365 
enriched: laboratory evaluation of prospective proj- 
ects, (Tech. Note) June JPT, 382 
flue gas in new miscible slug process, 7 (Jan. JPT) 


gas-water an improvement in miscible displace- 
ment, 281 (Nov. JPT) 
Gas INJECTION INTO VOLATILE OIL RESERVOIRS: conven- 


tional frontal drive methods inadequate to 
predict oil recovery, 59 (March JPT) 
efficiency of oil recovery, 59 (March JPT) 
prediction of vaporization of oil by multi-com- 
ponent flash calculations, 59 (March JPT) 
GASKELL, M. H., et al.: Laboratory Evaluation of Pros- 
pective Enriched Gas-Drive Projects, (Tech. 
Note) June JPT, 382 
Gas LIFT: casing flow: calculation of annular pressure 
gradients, 202 (Summary IPT, 339) 
GAS-WATER INJECTION: benefits, 281 (Nov. JPT) 
GAS WELLS: spacing: sound programs, 213 (Sept. JPT) 
Gates, C. F. and Ramey, H. J. Jr.: Field Results of 
South Belridge Thermal Recovery Experi- 
ment, 236 (Oct. JPT) 
GaTLIN, CARL, and SRINI-VASAN, S.: Effect of Tempera- 
ture on Flow Properties of Clay-Water 
Drilling Muds, (Tech. Note) Dec. JPT, 438 


Geroins, R. L., et al.: Fluid Dynamics During an 
Underground Combustion Process, 146 
(Summary July JPT, 60A) 


Gopsey, J. K., and Hopcegs, H. D.: Pressure Measure- 
ments During Formation Fracturing Opera- 
tions, 65 (March JPT) 


PETROLEUM TRANSACTIONS, AIME 


GOoNDOUIN, M.: Discussion On the Streaming Potential 
Problem in Well Logging, 415 
GonpbouIN, M., and Scata, C.: Streaming Potential and 
the SP Log, 170 (Aug. JPT) 
Gournay, L. S., et al.: Effect of Fluid-Flow Rate and 
Viscosity on Laboratory Determinations of 
Oil-Water Relative Permeabilities, 36 (Feb. 
JPT) 
GraHAM, J. W.: Reverse-Wetting Logging, 304 (Dec. 
JPT) 
GRAVITY DRAINAGE: See Reservoirs 
Gray, K. E.: Cutting Carrying Capacity of Air at 
Pressures Above Atmospheric, 180 (Aug. 
GuYOD ANALOG COMPUTER, 11 (Jan. JPT) 


H 


Hanpy, L. L.: Laboratory Study of Oil Recovery by 
Solution Gas Drive, 310 (Dec. JPT) 
Harrison, N. H., et al.: Comparison Between the Pre- 
dicted and Actual Production History of a 
Condensate Reservoir, 127 (June JPT) 
HaAZEBROEK, P., et al.: Pressure Fall-Off in Water Injec- 
tion Wells, 250 (Summary Oct. JPT, 244A) 
Hemstock, R. A., et al.: Effective Compressibility of 
Reservoir Rock and Its Effects on Perme- 
ability, (Tech. Note) June JPT, 386 


“HENDERSON, J. H., et al.: Fluid Dynamics During an 
Underground Combustion Process, 146 
(Summary July JPT, 60A) 


HILpEBRANDT, A. B., et al.: Development and Field 
Testing of a Core Barrel for Recovering 
Unconsolidated Oil Sands, (Tech. Note) 
Jan. JPT, 347 

Hinps, R. F.: Importance of Reliable Data in Gas- 
Condensate Recovery Calculations, (Tech. 
Note) Nov. JPT, 433 

Honces, H. D., and GopBey, J. K.: Pressure Measure- 
ments During Formation Fracturing Opera- 
tions, 65 (March JPT) 

HoLBrook, O. C., and BERNARD, G. G.: Determination 
of Wettability by Dye Adsorption, 261 
(Summary Oct. JPT, 244A) 

Howe, J. N., and Jessen, F. W.: Effect of Flow 
Rate on Paraffin Accumulation in Plastic, 
Steel, and Coated Pipe, 80 (Apr. JPT) 

Hucues, W. B.: Copper Ion Displacement Test for 

Screening Corrosion Inhibitors, (Tech. Note) 
Jan. 350 

Hump BUILD-uPs: study of causes, 44 (Feb. JPT) 

Hurst, WILLIAM: Simplification of the Material Bal- 
ance Formulas by the Laplace Transfor- 
mation, 292 (Summary Nov. JPT, 67) 

HutTcuinson, C. A. Jr., and Kocn, H. A. JR.: Miscible 
Displacements of Reservoir Oil Using Flue 
Gas, 7 (Jan. JPT) 

HYDRAULIC FRACTURING EQUIPMENT: flow capacity of 
fractures: effect on well productivity, 91 
(May JPT) 

HyYDROCARBON-BEARING STRATA: discovery by reverse- 
wetting logging, 304 (Dec. JPT) 
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J 


Jacosy, R. H., and Berry, V. J. Jr.: Method for Pre- 
dicting Pressure Maintenance Performance 
for Reservoirs Producing Volatile Crude 
Oil, 59 (March JPT) 

JANZEN, H. B., and Nosies, M. A.:Application of a 
Resistance Network for Studying Mobility 
Ratio Effects, (Tech. Note) Feb. JPT, 356 

JessEN, F. W., and Howe Lt, J. N.: Effect of Flow 
Rate on Paraffin Accumulation in Plastic, 
Steel, and Coated Pipe, 80 (Apr. JPT) 


K 


KeuN, D. M., et al.: Laboratory Evaluation of Pros- 
pective Enriched Gas-Drive Projects, (Tech. 
Note) June JPT, 382 

KELLNER, J. M., et al.: Development and Field Testing 
of a Core Barrel for Recovering Unconsoli- 
dated Oil Sands, (Tech. Note) Jan. JPT, 347 

Kemp, C. E., et al.: Effect of Fractures on Sweep-Out 
Pattern, 245 (Oct. JPT) 

KosayasHI, RikI, et al.: Evidence of Chromatographic 
Effect During Flow of Gases Through Oil- 
field Cores, (Tech. Note) March JPT, 359 

Koc, H. A. Jr., and Hutcuinson, C. A. Jr.: Mis- 
cible Displacements of Reservoir Oil Using 
Flue Gas, 7 (Jan. JPT) : 

Kyte, J. R., and Rapoport, L. A.: Linear Waterflood 
Behavior and End Effects in Water-Wet 
Porous Media (Tech. Note) Oct. JPT, 423 


L 


Lacey, J. W., et al.: Miscible Fluid Displacement in 
Porous Media, 76 (Apr. JPT) 

Lasater, J. A.: Bubble Point Pressure Correlation, 
(Tech. Note) May JPT, 379 

Leas, W. J., et al.: Laboratory Studies of Five-Spot 
Waterflood Performance, 113 (Summary 
June JPT, 131A) 


Ler, A. S.; and Aronorsky, J. S.: Linear Programming 
Model for Scheduling Crude Oil Production, 
(Tech. Note) July JPT, 389 


LerKovits, H. C., and MaTTHEws, C. S.: Application 
of Decline Curves to Gravity-Drainage 
Reservoirs in the Stripper Stage, 275 (Nov. 
JPT) 


LINEAR PROGRAMING MODEL FOR SCHEDULING CRUDE 
OIL PRODUCTION, (Tech. Note) July JPT, 
389 
Lipson, L. B., and Overton, H. L.: Correlation of 
Electrical Properties of Drilling Fluids With 
Solids Content, 333 (Summary Dec. JPT, 
76) 
LoG INTERPRETATION: methods using porosity balance 
check for water saturation, 161 (July JPT) 
porosity balance check for water saturation, 161 
(July JPT) 
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LusBiInski, A., and BLENKARN, K. A.: Buckling of 
Tubing in Pumping Wells, Its Effects and 
Means for Controlling It. (Trans., 1957 
210, 73); discussion, Aug. JPT, 396 

Lummus, J. L., et al.: Use of Chemicals to Maintain 
Clear Water for Drilling, 70 (Apr. JPT) 


M 


Martin, J. C.: Reservoir Analysis for Pressure Main- 

tenance Operations Based on Complete 
Segregation of Mobile Fluids, 220 (Sum- 
mary Sept. JPT, 90A) 

Martin, W. L., et al.: Process Variables of In Situ 
Combustion, 28 (Feb. JPT) 


Masse, L., et al.: Model for Mechanism of Oil Re- 
covery from Porous Matrix Due to Water 
Invasion in Fractured Reservoirs, 17 (Jan. 
JPT) 

MATERIAL BALANCE EQUATION: simplification by Laplace 
transformation, 292 (Summary Nov. JPT, 
67) 

MatTHEWwS, C. S., et al.: Pressure Fall-Off in Water 
Injection Wells, 250 (Summary Oct. 
244A) 

MattHews, C. S., and Lerxovits, H. C.: Application 
of Decline Curves to Gravity-Drainage Res- 
ervoirs in the Stripper Stage, 275 (Nov. 
JPT) 

MatTHEws, C. S., and STEGEMEIER, G. L.: Study of 
Anomalous Pressure Build-Up Behavior, 44 
(Feb. JPT) 

Matrax, C. C., et al.: Reservoir Rock Wettability— 
Its Significance and Evaluation, 155 (July 
JPT) 

McCarty, D. G., and BarFIELD, E. C.: Use of High- 
Speed Computers for Predicting Flood-Out 
Patterns, 139 (Summary July JPT, 60A) 

McKINNELL, J. C.: Identification of Mixtures of Waters 
from Chemical Water Analyses, (Tech. 
Note) Sept. JPT, 402 

McLartcuiE, A. S., et al.: Effective Compressibility of 
Reservoir Rock and Its Effects on Per- 
meability, (Tech. Note) June JPT, 386 

ME-pau, R. F., and WorTHINGTON, A. E.: Departure 
Curves for the Self-Potential Log, 11 (Jan. 
JPT) 

MetrosE, J. C., et al.: Practical Utilization of the 
Theory of Bingham Plastic Flow in Station- 
ary Pipes and Annuli, 316 (Summary Dec. 

MOBILITY RATIO: See Water Flooding 


Mopets: abstract: mechanism of oil recovery from 
porous matrix due to water invasion in 
fractured reservoirs, 17 (Jan. JPT) 


flow experiments of five-spot water floods, 113 
(Summary June JPT, 131A) 


fractures in five-spot flood, effect on sweep-out 
pattern, 245 (Oct. JPT) 


Guyod analog computer, 11 (Jan. JPT) 


linear programing for scheduling crude oil pro- 
duction, (Tech. Note) July JPT, 389 


AAA 


numerical: high-speed digital computer prediction 
of flood-out patterns, 139 (Summary July 
JPT, 60A) 

transparent: study of viscous fingering, 103 (Sum- 
mary July JPT, 60A) 

Moroan, B. E.: Discussion on Properties of Cementing 
Compositions at Elevated Temperatures and 
Pressure, 26 (Feb. JPT) 

MULLINS, L. D., et al.: Estimation of Ultimate Recovery 
from Solution Gas-Drive Reservoirs, 132 
(June JPT) 

MUSKAT DEPLETION PERFORMANCE EQUATION: deriva- 
tion considering expansion behavior of res- 
ervoir hydrocarbon system and a simple 
fractional flow equation, 285 (Summary 
Nov. JPT, 67) 


N 


NATANSON, S. G., et al.: Model for Mechanism of Oil 
Recovery from Porous Matrix Due to Water 
Invasion in Fractured Reservoirs, 17 (Jan. 
JPT) 

NEUTRON LOGS: porosity derivation: evaluation of 
effect of borehole size, sonde position, 
salinity, chemical composition of -rock, and 
statistical variation, (Tech. Note) May JPT, 
371 

NIsLe, R. G.: Effect of Partial Penetration on Pressure 
Build-Up in Oil Wells, 85 (May JPT) 

Nostes, M. A., and JANZEN, H. B.: Application of a 
Resistance Network for Studying Mobility 
Ratio Effects, (Tech. Note) Feb. JPT, 356 


O 


OiL BANK: definition, 146 (Summary July JPT, 60A) 
OIL RECOVERY: Buckley-Leverett frontal advance theory. 
(Tech. Note) Apr. JPT, 365 
gas-condensate reservoirs: variables that influence 
estimate (Tech. Note) Nov. JPT, 433 
gas injection into volatile oil reservoirs, efficiency, 
59 (March JPT) 
gravity-drainage reservoirs: miscible fluid displace- 
ment, 76 (Apr. JPT) 
miscible zones: laboratory study of deterioration, 
228 (Summary Sept. JPT, 90A) 
solution gas drive: estimation, 132 (June JPT) 
OIL SANDs: water saturation: log interpretation of meth- 
ods using porosity balance, 161 (July JPT) 
WELLS: partially penetrating: pressure build-up, 
85 (May JPT) 
pressure build-up: humps studied for causes, 44 
(Feb. JPT) 


Ourmans, H. D.: Mechanics of Differential Pressure 
Sticking of Drill Collars, 265 (Summary 
Oct. JPT, 244A) 


OverRTON, H. L., and Lipson, L. B.: Correlation of 
Electrical Properties of Drilling Fluids With 
Solids Content, 333 (Summary Dec. JPT, 
76) 


OIL 


PETROLEUM TRANSACTIONS, AIME 


Owens, W. W., and STEWaRT, C. R.: Laboratory Study 
of Laminar and Turbulent Flow in Hetero- 
geneous Porosity Limestones, 121 (Sum- 
mary June JPT, 131A) 


P 


PARAFFIN DEPOSITION IN FLOW LINES: composition of 
_ deposits, 80 (Apr. JPT) 
control by use of plastic materials, 80 (Apr. JPT) 
effect of flow rate, 80 (Apr. JPT) 
ParisH, E. R., et al.: Practical Utilization of the Theory 
of Bingham Plastic Flow in Stationary Pipes 


and Annuli, 316 (Summary Dec. JPT, 76) . 


PERMEABILITY: effect of applied pressure, samples of 
Bradford, Weir, and Kirkwood sandstones, 
(Tech. Note) Nov. JPT, 430 
relative: See Relative 


reservoir rock: effect of effective compressibility, 
(Tech. Note) June JPT, 386 


PoETTMANN, F. H., and BENHAM, A. L.: Thermal 
Recovery Process—An Analysis of Labora- 
tory Combustion Data, (Tech. Note) Sept. 
JPT, 406 ; 


~ POETTMANN, F. H.: Discussion on Producing Wells on 
Casing Flow—An Analysis of Flowing Pres- 
sure Gradients, 345 


Porosity: balance, check of water saturation in log 
ees interpretation, 161 (July JPT) 

derivation from neutron logs: evaluation of effect 

of borehole size, sonde position, salinity, 

chemical composition of rock, and statis- 

tical variation, (Tech. Note) May JPT, 371 


effect of applied pressure, samples of Bradford, 
Weir, and Kirkwood sandstones, (Tech. 
Note) Nov. JPT, 430 


limestone, heterogeneous type: laminar and _ tur- 
bulent flow, laboratory study, 121 (Sum- 
mary June JPT, 131A) 

reservoir rock: effect of effective compressibility, 
(Tech. Note) June JPT, 386 

Porous MEDIA: dye adsorption test for determining 

relative water wettability, 261 (Summary 
Oct. JPT, 244A) 

miscible fluid displacement, 76 (Apr. JPT) 

miscible zones: laboratory study of deterioration, 
228 (Summary Sept. JPT, 90A) 


PRESSURE BUILD-UP IN OIL WELLS: effect of partial 
penetration, 85 (May JPT) 
study of humps as causes, 44 (Feb. JPT) 
PRESSURE MAINTENANCE: predicting performance for 


reservoirs producing volatile crude oil, 59 
(March JPT) 


reservoir analysis based on complete segregation 
of mobile fluids, 220 (Summary Sept. JPT, 
90A) 


PRODUCTION DECLINE DATA: analysis by principle of 
least squares combined with theory of equa- 
tions, (Tech. Note) Aug. JPT, 399 


PRODUCTION OF OIL FROM RESERVOIRS: in situ combus- 
tion, process variables, 28 (Feb. JPT) 
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PROFITABILITY: analysis of proposed capital expendi- 
ture: average annual rate of return com- 
puting method, 337 (July JPT) 


Pynpbus, G. T., et al.: Laboratory Evaluation of Pros- 
pective Enriched Gas-Drive Projects, (Tech. 
Note) June JPT, 382 


R 


RaCHFoRD, H. H. Jr., et al.: Application of Numerical 
Methods to Predict Recovery from Thin 
Oil Columns, 193 (Summary Aug. JPT, 59) 


RainBow, H., et al.: Pressure Fall-Off in Water Injec- 
tion Wells, 250 (Summary Oct. JPT, 244A) 


Ramey, H. J. Jr., and Gates, C. F.: Field Results of 
South Belridge Thermal Recovery Experi- 
ment, 236 (Oct. JPT) 

Rapoport, L. A., et al.: Laboratory Studies of Five-Spot 
Waterflood Performance, 113 (Summary 
June JPT, 131A) 


Rapoport, L. A., and Kyte, J. R.: Linear Waterflood 
Behavior and End Effects in Water-Wet 
Porous Media, (Tech. Note) Oct. JPT, 423 


Reep, D. W., et al.: Fluid Dynamics During an Under- 
ground Combustion Process, 146 (Sum- 
mary July JPT, 60A) 


ReaiER, S., et al.: Comparison Between the Predicted 
and Actual Production History of a Con- 
densate Reservoir, 127 (June JPT) 


RELATIVE PERMEABILITY: k,,/k,. ratio for sandstone: 
calculated compared with field data, (Tech. 
Note) Dec. JPT, 436 


oil-water: effect of fluid flow rate and viscosity 
on laboratory. determinations, 36 (Feb. 


RESERVOIR OIL: miscible displacements using flue gas 
instead of hydrocarbon gas, 7 (Jan. JPiT2) 


RESERVOIR PERFORMANCE: (see also Water Flooding) : 
simplification of material balance equation 
by Laplace transformation, 292 (Summary 
Nov. JPT, 67) 

RESERVOIR ROCK: compressibility, effective, effect on 
porosity and permeability, (Tech Note) 

- June JPT, 386 

drillability: effect of pressure, laboratory tests, 1 
(Jan. JPT) 

heat capacities and thermal conductivities, meas- 
ured and calculated, (Tech. Note) May 

sandstone: pore volume compressibilities measured 
on core samples, (Tech. Note) March JPT, 
362 

thermal diffusivity, variation with temperature, 
(Tech. Note) May JPT, 375 

RESERVOIRS: fractured: oil recovery due to water in- 
vasion computed by abstract reasoning, 17 
(Jan. JPT) 

gravity drainage: decline curve analysis in stripper 
stage, 275 (Nov. JPT) 
oil recovery by miscible fluid displacement, 
76 (Apr. JPT) 


water saturation: log interpretation using porosity 
balance check, 161 (July JPT) 
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REVERSE-WETTING LOGGING: location of oil-bearing 
formations and identification of their in 
situ wettability, 304 (Dec. JPT) 

technique, 304 (Dec. JPT) 


RoBINsON, M. P.: Pressure Interference Correction to 
the Material Balance Equation for Water- 
Drive Reservoirs Using a Digital Computer, 
418 (Summary Sept. JPT, 95) 

Ropcers, J. K., et al.: ‘Comparison Between the Pre- 
dicted and Actual Production History of a 
Condensate Reservoir, 127 (June JPT) 

Roper, W. A., et al.: Evidence of Chromatographic 
Effect During Flow of Gases Through Oil- 
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conductivity, porosity, and permeability: effect of 
applied pressure, (Tech. Note) Noy. JPT, 
430 
k,,/Kr. Yatios: calculated compared with field 

data, (Tech. Note) Dec. JPT, 436 

SAUNDERS, C. D., et al.: Hydraulic Fracturing—Frac- 
ture Flow Capacity vs Well Productivity. 
91 (May JPT) 
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(Summary Dec. JPT, 76) 

Savins, J. G., et al.: Practical Utilization of the Theory 
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Pipes and Annuli, 316 (Summary Dec. JPT, 
76) 

ScaLA, C., and GonpouIn, M.: Streaming Potential and 
the SP Log, 170 (Aug. JPT) 


SCHEDULING CRUDE OIL PRODUCTION: linear program- 
ing, (Tech. Note) July JPT, 389 


SELDENRATH, T., and WriGHT, A. W.: Buckiing of 
Tubing in Pumping Wells, (Tech. Note) 
Aug. JPT, 396 


SELF-POTENTIAL LOG: departure curves: analog com- 
puter study, 11 (Jan. JPT) 
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stage pressure, (Tech. Note) Apr. JPT, 369 


SHALY SANDS: log interpretation for water saturation, 
161 (July JPT) 

SreverT, J. A., et al.: Deterioration of Miscible Zones 
in Porous Media, 228 (Summary Sept. JPT, 
90A) 

Srmons, L. H., and Spain, H. H.: Limitations on Pres- 
sure Predictions for Water-Drive Reservoirs, 
(Tech. Note) Oct. JPT, 427 

SIPPEL, R. F., et al.: Effect of Fluid-Flow Rate and 
Viscosity on Laboratory Determinations of 
Oil-Water Relative Permeabilities, 36 (Feb. 
JPT) 
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SOLUTION GAS DRIVE: mechanism of oil recovery, labora- 
tory study, 310 (Dec. JPT) 

ultimate recovery, estimation, 132 (June JPT) 

SOMERTON, W. H.: Some Thermal Characteristics of 
Porous Rocks, (Tech. Note) May JPT, 375 
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(Tech. Note) Oct. JPT, 427 
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perforations, 51 (March JPT) 
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perforations, 51 (March JPT) 
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shales and mud cakes: contribution to SP log, 170 
(Aug. JPT) 

STRIPLING, A. A.: Velocity Log Characteristics, 207 

(Sept. JPT) 
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Taser, J. J.: Injection of Detergent Slugs in Water 
Floods, 186 (Summary Aug. JPT, 59) 

TayLor, R. D., et al.: Application of Numerical Meth- 
ods to Predict Recovery from Thin Oil 
Columns, 193 (Summary Aug. JPT, 59) 

THERMAL CHARACTERISTICS OF TYPICAL POROUS ROCKS, 
(Tech. Note) May JPT, 375 

THERMAL RECOVERY OF OIL (see also Combustion Meth- 
od): effect on equipment, 236 (Oct. JPT) 

field test, South Belridge, California, 236 (Oct. 

JPT) 

TINSLEY, J. M., et al.: Hydraulic Fracturing—Fracture 
Flow Capacity vs Well Productivity, 91 
(May JPT) 

Trxier, M. P.: Porosity Balance Verifies Water Satura- 
tion Determined from Logs, 161 (July JPT) 
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Description of Water-Drive Processes In- 
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a9) 

reservoir performance of highly permeable Bolivar 
Z coastal fields showing fluid segregation, 220 
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VISCOUS FINGERING: See Water Drive 
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Behavior Including the Effects of Capillary 
Pressure, 96 (Summary June JPT, 131A) 


Wau., W. L., et al.: Estimation of Ultimate Recovery 
from Solution Gas-Drive Reservoirs, 132 
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WarrEN, J. E., et al.: Streaming Potential Problem in 
Well Logging, 409 (Summary Sept. JPT, 
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puter for predicting flood-out patterns, 139 
(Summary July JPT, 60A) 
wettability of reservoir rock: effect on oil recovery, 
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402 
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